Remarks 

Applicants have herein amended claims 11, 12, 32, 33, 48, 49, 70, and 71, in 
compliance with requests by the Examiner (discussed further below). Applicants have 
also amended claims 38 and 61 to specify that "the polypeptide encoded by the 
HEMCM42 cDNA is at least 95% identical to SEQ ID NO:59'\ And, Applicants submit 
herewith a Supplemental Application Datasheet (ADS) to amend the inventive entity to 
coincide with the currently claimed subject matter. Additionally, to comply with PTO 
guidelines the Domestic Priority Information section of the Supplemental ADS has also 
been amended to use the phrase "An application claiming the benefit under 35 USC 
1 19(e)" in place of the former phrase "Non-provisional of. 

Claims 16-23, 37, 53-60 and 75 have been canceled herein without prejudice or 
disclaimer. Applicants reserve the right to pursue the subject matter encompassed by all 
canceled claims in one or more divisional or continuation applications. 

Support for the amendments to claims 38 and 61 can be found throughout the 
specification as filed. In particular, support for amended claims 38 and 61 can be found 
at, for example, page 73, line 32 to page 74, line 20 and page 100, line 27 to page 101, line 
5 (95% identity). Thus, no new matter has been added. 

Claims 1-10, 13, 14, 24-31, 34, and 35 have been allowed. Claims 1-15, 24-36, 
38-52 and 61-74 are currently pending. 

Formal Matters 

A. Amendment of the Specification 

In compliance with the Examiner's request (see Paper No. 08232004, page 2, 
paragraph no. 2), Applicants have herein amended the first paragraph (cross-reference to 
related applications) to indicate the status of related applications. Applicants have also 
amended the first paragraph to bring it into compliance with recent PTO guidelines. 

B. Amendment of Inventorship 

Applicants respectfully request consideration and entry of the present amendment 
to correct inventorship pursuant to 37 C.F.R. § 1.48(b) (Non-provisional application - 
fewer inventors due to amendment or cancellation of claims). The presently pending 
claims are directed to HEMCM42 antibody embodiments. In this regard, the undersigned 
has been informed that the inventive entity of the subject matter encompassed by the 
claims is: Steven M. Ruben, Craig A. Rosen, and Gregory A. Endress. Accordingly, 
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Applicants request that the presently pending application be amended to show the above 
three persons as inventors. Thus, please remove the following names from the list of 
inventors: Kenneth C. Carter, Patrick J. Dillon, Guo-Liang Yu, Jian Ni, and Ping Feng. 

Rejections under 35 U.S.C. § 112, Second Paragraph 

A. Claims 11, 12, 22, 23, 32, 33, 48, 49, 59, 60, 70, and 71 

Claims 11, 12, 22, 23, 32, 33, 48, 49, 59, 60, 70, and 71 were rejected under 35 
U.S.C. §112, second paragraph. In particular, it was alleged that the claims at issue lack 
appropriate antecedent basis. See, Paper No. 08232004, page 3, paragraph no. 5(A). 

As an initial matter, claims 22, 23, 59, and 60 have been cancelled herein. 
Therefore, the rejection of these claims under 35 U.S.C. §112, second paragraph has been 
rendered moot. 

Additionally, Applicants have herein amended claims 11, 12, 32, 33, 48, 49, 70, 
and 71, according to suggestions provided by the Examiner. See, Paper No. 08232004, 
page 3, paragraph no. 5(A). Therefore, Applicants respectfully that the rejection of 
pending claims 11,12, 32, 33, 48, 49, 70, and 71 under 35 U.S.C. §112, second paragraph, 
be reconsidered and withdrawn. 

B. Claims 22, 23, 59, and 60 

Claims 22, 23, 59, and 60 were rejected under 35 U.S.C. §112, second paragraph. 
See, Paper No. 08232004, page 4, paragraph no. 5(B). 

Without acquiescing to the instant rejection, Applicants have herein canceled 
claims 22, 23, 59, and 60 without prejudice or disclaimer, thereby rendering this rejection 
moot. Applicants reserve the right to pursue claims drawn to all canceled subject matter in 
one or more divisional or continuation applications. 

Rejections under 35 U.S.C, § 112, First Paragraph 
A. Claims 17-23 

Claims 17-23 were rejected under 35 U.S.C. §112, first paragraph. See, Paper No. 
08232004, page 5, paragraph no. 7. Without acquiescing to the instant rejection, 
Applicants have herein canceled claims 17-23 without prejudice or disclaimer, thereby 
rendering this rejection moot. Applicants reserve the right to pursue claims drawn to all 
canceled subject matter in one or more divisional or continuation applications. 
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B. Claims 38-75 

Claims 38-75 were rejected under 35 U.S.C § 112, first paragraph, because 
although the specification is "enabling for an antibody that binds a protein encoded by 
cDNA HEMCM42 that consists of SEQ ID NO: 13 and that encodes the polypeptide 
consisting of SEQ ID NO:59," the specification allegedly "does not reasonably provide 
enablement for an antibody that binds any polypeptide encoded by the cDNA 
HEMCM42." See, Paper No. 08232004, page 7, paragraph no. 8. 

As an initial matter, Applicants note that there appears to be a clerical error in the 
presently pending Office Action because SEQ ID NO: 13 was referenced as being 
associated with the presently pending claims (z.e., as the translated nucleotide sequence for 
the cDNA HEMCM42). Applicants note that as shown in Table 1, row 3, column 4 on 
page 64, the corresponding nucleotide sequence for the cDNA HEMCM42 is SEQ ID 
NO:23. Thus, Applicants will respond to the rejection as it pertains to the cDNA 
HEMCM42, SEQ ID NO:23, and the encoded polypeptide SEQ ID NO:59. 

Applicants respectfully disagree, and assert that the previously pending claims 
were fully enabled as filed. However, notwithstanding the above, Applicants have 
canceled claims 54-60 and have amended claims 38 and 61 (from which claims 39-53 and 
62-75 depend, respectively) to recite "wherein said polypeptide encoded by the HEMCM2 
cDNA is at least 95% identical to SEQ ID NO:59." Accordingly, in view of the 
cancellation of claims 54-60 and the amendments to claims 38 and 61, Applicants request 
that the rejection of claims 38-75 under 35 U.S.C. § 112, first paragraph be reconsidered 
and withdrawn. 

To the extent that the instant rejection may be applied against the claims as 
amended, Applicants respectfully traverse. 

In the present Office Action it was alleged that "it is not clear if cDNA HEMCM42 
is limited to consisting of SEQ ID NO: 13" and "[t]herefore, the claims have been 
interpreted in the broadest reasonable manner in light of the specification to include any 
protein encoded by the cDNA HEMCM42." Id. at page 7, second full paragraph 
(emphasis in original). In response, Applicants emphasize that the amendments made 
herein limit claims 38-53 and 61-75 to a specific genus of fragments and variants of the 
disclosed HEMCM42 polypeptides which share at least 95% identity to SEQ ID NO:59. 
(Support for amended independent claims 38 and 61 can be found at, for example, page 
73, line 32 to page 74, line 20 and page 100, line 27 to page 101, line 5). 



PZ006G13AP1C1D1 



13 



10/062,831 



Moreover, the specification teaches that the polypeptide encoded by the 
HEMCM42 clone contained within ATCC Deposit Number 209075 and the polypeptide 
of SEQ ID NO: 59, are meant to encompass the same polypeptides of Gene No. 13 as 
disclosed in Table 1, on page 64 of the specification. Specifically, the specification 
teaches that: 

[t]he nucleotide sequence identified as "NT SEQ ID NO:X" was 
assembled from partially homologous ("overlapping") sequences 
obtained from the 'cDNA clone ID" identified in Table 1 and ...[t]he 
cDNA Clone ID was deposited on the date and given the 
corresponding deposit number listed in "ATCC Deposit No:Z and 
Date." 

See, specification page 69, lines 2-9. 

Additionally, the specification describes the rationale for directing claims to the 

HEMCM42 cDNA of the ATCC Deposit and a particular SEQ ID NO:X or Y obtained 

from the deposit as follows: 

DNA sequences generated by sequencing reactions can contain 
sequencing errors... Accordingly, for those applications requiring 
precision in the nucleotide sequence or the amino acid sequence, the 
present invention provides not only the generated nucleotide sequence 
identified as SEQ ID NO:X and the predicted translated amino acid 
sequence identified as SEQ ID NO:Y, but also a sample of plasmid 
DNA containing a human cDNA of the invention deposited with the 
ATCC, as set forth in Table 1. 

See Id. at page 70, lines 1-14. Indeed, the M.P.E.P., in recognition of the difficulties 
associated with the enablement of a biological material, states that "where the invention 
involves a biological material and words alone cannot sufficiently describe how to make 
and use the invention in a reproducible manner, access to the biological material may be 
necessary for the satisfaction of the statutory requirements for patentability under 35 
U.S.C. § 1 12." (M.P.E.P. 2402). In view of the above, Applicants submit that the present 
specification provides sufficiently ample guidance to enable one of skill in the art to make 
and use the cDNA HEMCM42 commensurate in scope with the presently claimed 
antibodies. 

Additionally, the Examiner alleges that "transformation of the material contained 
in ATCC Deposit Number 209075 into bacteria will allow for the selection of bacteria that 
contain plasmid(s) marked with the antibiotic resistance gene, but will not allow for the 
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direct selection of HEMCM42 per se See, Paper No. 08232004, page 8, first paragraph. 

Further, the Examiner alleges that: 

[standard library screening techniques disclosed in the specification 
(page 105, lines 23-36) may not be a reliable method to isolate 
HEMCM42, since a probe would need to be generated based on SEQ 
ID NO: 13, a sequence that may be different from the claimed 
invention 

and 

[t]he alternative disclosed method, using PCR to isolate HEMCM42 
(page 106, lines 1-13), would also be problematic since PCR can 
introduce mutations as part of the amplification process. 

Id. at page 8, second and third paragraphs. 

Applicants respectfully disagree and assert that the methods disclosed in the 
specification were routine for a person having ordinary skill in the art as of the priority 
date of the present invention and consequently would not require undue experimentation 
for the isolation of a particular clone from the deposited sample. Furthermore, according 
to the M.P.E.P. § 2164.01(b), "[a]s long as the specification discloses at least one method 
for making and using the claimed invention that bears a reasonable correlation to the 
entire scope of the claim, then the enablement requirement is satisfied." Citing In re 
Fisher, All, F.2d 833, 839 166 U.S.P.Q. 18, 24 (C.C.P.A. 1970). 

In the instant case, the Examiner appears to be arguing that SEQ ID NO:23 would 
not be an ineffective tool for isolating the HEMCM42 cDNA because it may be different 
from the claimed invention. However, as discussed above, the specification discloses that 
the nucleotide sequence disclosed as SEQ ID NO:23 was determined from the HEMCM42 
cDNA and both SEQ ID NO:23 and the HEMCM42 cDNA represent the same 
polynucleotides encoded by Gene No. 13. Therefore, the screening method disclosed in 
the specification using a radiolabeled probe based off of SEQ ID NO:23 and/or the PCR 
method using 17-20 nucleotide primers from the 5' and 3' ends of SEQ ID NO:23 would 
allow one of skill in the art to successfully isolate the HEMCM42 cDNA clone from the 
other plasmids in the ATCC Deposit. See, specification, Example 1, page 105, line 23 to 
page 106, line 13. 

Furthermore, following either method, sequencing of the isolated clone by known 
sequencing methods or by restriction enzyme analysis would confirm that the DNA 
sequence obtained is representative of the HEMCM42 cDNA and SEQ ID NO:23 
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nucleotides of Gene No. 13. Moreover, confirmation of the sequence would preclude the 
possibility of isolating a clone that "may contain additional plasmids that encode different 
polypeptides yet have the same antibiotic resistance marker" and the possibility that "this 
plasmid could be lost even though the bacterial maintain their antibiotic resistance." 
Paper No. 08232004, page 8, first and second paragraphs. 

Thus, Applicants submit that due to: (1) the amendments of claims 38 and 61 to 
recite "wherein said polypeptide encoded by the HEMCM42 cDNA is at least 95% 
identical to SEQ ID NO:59;" (2) the disclosure of the relationship between the 
HEMCM42 cDNA and SEQ ID NO:23 in the specification; (3) the availability of the 
deposit (as discussed below); (4) the well-established methods taught in the specification 
or from otherwise routine methods known in the art for isolating cDNA from a plasmid; 
and (5) the high level of skill in the art of molecular biology, it would not require undue 
experimentation to make and use the HEMCM42 cDNA deposit commensurate in scope 
with the pending claims. Accordingly, Applicants respectfully request the Examiner to 
reconsider and withdraw the rejection of claims 38-75 under 35 U.S.C. § 112, first 
paragraph for alleged lack of enablement. 

Availability of the Deposit 

The Examiner requested that applicants assure public availability of the biological 

material deposited in connection with the present application. To comply with the 

Examinees request Applicants herein provide the following affirmation: 

Human Genome Sciences, Inc., the assignee of the present 
application, has deposited biological material under the terms of the 
Budapest Treaty on the International Recognition of the Deposit of 
Micro-organisms for the Purposes of Patent Procedure with the 
following International Depository Authority: American Type 
Culture Collection (ATCC™), 10801 University Boulevard, 
Manassas, Virginia 20110-2209 (present address). The deposit was 
made on May 22, 1997, accepted by the ATCC™, and given 
ATCC™ Accession Number 209075. In accordance with M.P.E.P. 
§ 2410.01 and 37 C.F.R. § 1.808, assurance is hereby given that all 
restrictions on the availability to the public of ATCC™ Accession 
Number 209075 will be irrevocably removed upon the grant of a 
patent based on the instant application, except as permitted under 37 
C.F.R. § 1.808(b). The assignee of the present application has been 
notified of its responsibility to replace the deposited biological 
material should the deposited material be destroyed or rendered 
non-viable. 
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In view of the above affirmation and explanation, attested to by the signature 
(below) of the Agent for the Applicants, it is respectfully requested that the rejection of 
claims 38-53 and 61-75 under 35 U.S.C. § 1 12, first paragraph, be withdrawn. 

C. Claims 15-23, 36, 37, 52-60, 74, and 75 

Claims 15-23, 36, 37, 52-60, 74, and 75 have been rejected under 35 U.S.C. § 1 12, 
first paragraph for alleged lack of enablement. In particular, it was alleged that while the 
specification is "enabling for an antibody obtained from an immunized animal, or an 
isolated cell or a hybridoma that produces an antibody" the specification is allegedly not 
enabling "for an immunized animal, an isolated cell or a hybridoma that makes a fragment 
of an antibody." See, Paper No. 08232004, page 10, paragraph no. 9. 

Preliminarily, Applicants point out that without aqcuiescing to the present 
rejection, claims 16-23, 37, 53-60, and 75 (relating to hybridoma cells and immunized 
animals) have been canceled without prejudice or disclaimer. Therefore, the rejection as it 
relates to claims 16-23, and 53-60 under 35 U.S.C. § 112, first paragraph has been 
rendered moot. Applicants reserve the right to pursue subject matter encompassed by all 
canceled claims in one or more divisional or continuation applications. 

With respect to the remaining rejected claims (drawn to isolated cells that produce 
an antibody or fragment thereof), Applicants respectfully disagree and traverse. 
Applicants submit that provided the disclosure of the present application and given the 
state of the art as of the earliest claimed benefit date, a person of ordinary skill in the art 
was enabled to produce the claimed antibody fragments directly from many types of 
isolated cells. To exemplify a few cell types that could have been used, Applicants submit 
herewith the following publications: 

Exhibit A : Winter, et al., "Making Antibodies by Phage Display Technology 11 , 
Ann. Rev. Immunol., vol. 12, pp. 433-455 (1994) (describing antibody fragments 
expressed on the surface of bacteriophage reproduced in infected bacteria); 

Exhibit B : Forsberg, et al., "Identification of Framework Residues in a Secreted 
Recombinant Antibody Fragment That Control Production Level and Localization in 
Escherichia colf\ J. Biol. Chem., vol. 272, No. 19, pp.12430-12436 (May 9, 1997) 
(describing production of an Fab fusion protein in E. coli)\ and, 

Exhibit C : Abrams, et al., "Determinants of Specificity of a Baculovirus-expressed 
Antibody Fab Fragment That Binds Selectively to the Activated Form of Integrin anbP3"> 
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J. Biol. Chem., vol. 269, no. 29, (July 22, 1994) (describing production of an antibody 
fragment in insect cells). 

In view of the above examples and evidence, Applicants assert that the pending 
claims meet the enablement requirements of 35 U.S.C. § 112, first paragraph. Thus, 
Applicants respectfully request that the instant rejection of pending claims 15, 36, 52, and 
74 be reconsidered and withdrawn. 

D. Claims 17-23 and 54-60 

Claims 17-23 and 54-60 were rejected under 35 U.S.C. § 1 12, first paragraph. See, 
Paper No. 08232004, page 11, paragraph no. 10. Without acquiescing to the present 
rejection, Applicants have herein canceled claims 17-23, and 54-60 without prejudice or 
disclaimer. According, the rejection of these claims has been rendered moot. 

Allowed Claims 

The Examiner has indicated that claims 1-10, 13, 14, 24-31, 34, and 35 are 
allowable. See, Paper No. 08232004, page 15, paragraph no. 11. 



Applicants thank the Examiner for his thoughtful consideration of the present 
application. Applicants respectfully request that the above-made remarks be entered and 
made of record in the file history of the instant application. The Examiner is invited to 
call the undersigned at the phone number provided below if any further action by 
Applicant would expedite the examination of this application. 

If there are any fees, not already accounted for, due in connection with the filing of 
this paper, please charge such fees to our Deposit Account No. 08-3425. 

Dated: Dec. 8, 2004 Respectfully submitted, 



Conclusion 




Patent Agent 
HUMAN GENOME SCIENCES, INC. 
Intellectual Property Department 
14200 Shady Grove Road 
Rockville, Maryland 20850 
(301)354-3932 



DAS/PF/ba 
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The monoclonal antibody 5T4, directed against a hu- 
man tumor-associated antigen, was expressed as a se- 
creted Fab superantigen fusion protein in Escherichia 
coli. The product is a putative agent for immunotherapy 
of non-small cell lung cancer. During fermentation, most 
of the fusion protein leaked out from the periplasm to 
the growth medium at a level of approximately 40 mg/ 
liter. This level was notably low compared with similar 
products containing identical C H 1, Cl, and superantigen 
moieties, and the Fv framework was therefore engi- 
neered. Using hybrid molecules, the light chain was 
found to limit high expression levels. Substituting five 
residues in V L increased the level almost 15 times, ex- 
ceeding 500 mg/liter in the growth medium. Here, the 
substitutions Phe-10 -> Ser, Thr-45 -> Lys, Thr-77 -> Ser, 
and Leu-78 — » Val were most powerful. In addition, re- 
placing four V H residues diminished cell lysis during 
fermentation. Thereby the product was preferentially 
located in the periplasm instead of the growth medium, 
and the total yield was more than 700 mg/liter. All engi- 
neered products retained a high affinity for the tumor- 
associated antigen. It is suggested that at least some of 
the identified framework residues generally have to be 
replaced to obtain high level production of recombinant 
Fab products in E. coli. 



Antibody-based therapies are currently evaluated for treat- 
ment of several severe diseases such as cancer (1), viral infec- 
tions, and autoimmunity. Recent technological improvements 
have made it possible to clone and produce large amounts of 
intact recombinant monoclonal antibodies or antibody frag- 
ments (2, 3). Using phage display technologies, high affinity 
antibodies can be obtained without prior immunization (4, 5). 
For production purposes Escherichia coli is a very useful host 
(reviewed in Ref. 6). Correctly folded Fab has been secreted at 
levels exceeding 1 g/liter (7) and single chain Fv molecules at 
slightly lower levels (8). Systems involving inclusion body for- 
mation and in vitro refolding have also been described (9, 10). 
Consequently, there are effective tools to obtain both these 
molecules and a variety of clinical applications. 

Recently, a concept for cancer therapy using recombinant 
fusion proteins of tumor-reactive Fab fragment and immuno- 
stimulatory bacterial superantigens was presented (11, 12). 
Super antigens, such as the staphylococcal enterotoxin A 



* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact. 
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(SEA), 1 activate cytotoxic and cytokine-producing T-lympho- 
cytes. Antibody-targeted SEA can initiate a powerful T cell 
attack against tumor cells in vivo (12, 13). 

Here E. coli production of the 5T4Fab-moiety fused to a 
genetically engineered superantigen chimera (14), 2 5T4Fab- 
SEch, is investigated. The murine antibody 5T4 is directed 
against a trophoblast-related antigen found on several solid 
tumor types including carcinomas in lung, breast, colon, and 
ovary (16, 17). The 5T4Fab-SEch has a high affinity for the 
antigen and targets T cells to several cancer cell lines. How- 
ever, when produced as a secreted fusion protein in E. coli, the 
production level is 5-10- fold lower compared with several sim- 
ilar products. To investigate the molecular components behind 
this phenomenon, several amino acid residues in the Fv frame- 
work were altered. Significantly, by replacing only a few light 
chain residues the level of active product increased, while 
heavy chain substitutions affected the product distribution be- 
tween growth medium and periplasmic space. 

EXPERIMENTAL PROCEDURES 

Materials — Restriction endonucleases and Taq polymerase were 
from Boehringer Mannheim or New England Biolabs (Beverly, MA). 
The recombinant work was carried out mainly as described (18) in the 
E. coli strain HB101. Plasmid preparation was performed with Wiz- 
ard® Midipreps DNA purification system (Promega, Madison, WI) from 
bacteria grown in LB medium with 50 p,g/ml kanamycin. Oligonucleo- 
tides were synthesized on an ABI 392 DNA/RNA synthesizer (Applied 
Biosy stems, Foster City, CA). Antibodies against murine k chain were 
obtained from Bio-Zac (Stockholm, Sweden) and horseradish peroxi- 
dase-conjugated antibodies against SEA from Toxin Technology 
(Sarasota, FL). 

Cloning, Engineering, and Insertion into an E. coli Expression Vector 
of 5T4 Fv — The Fv-encoding portions of 5T4 were cloned from the 5T4 
hybridoma obtained from Dr. Peter Stern (CRCT, Paterson Inst, for 
Cancer Research, Manchester, UK). The cDNA was made from total 
RNA using the GeneAmp RNA PCR kit (Perkin-Elmer). The coding 
regions of the entire variable domains and parts of the signal sequences 
as well as the constant domains of the heavy and light chains were 
amplified by PCR. All PCR products and DNA linkers were sequenced 
on an ABI 373A DNA sequencer (Applied Biosystems) as recommended 
by the supplier. The oligonucleotides 5 '-CAATrTTCTTGTCCACCTTG- 
GTGC-3' and 5 ' - ACTAGTCGAC ATGGGATGGAGCTITATC ATI(C/T)T- 
CTT-3' were used for the heavy chain resulting in a 553-base pair 
fragment, while 5 ^ ACTAGTCGAC ATGGGCITCAAGATGGAGTC AC A- 
(Gm(A/T)(C/r)(C/T)C(A/T)GG-3' and 5 ' -GCGCCGTCTAGAATTAAC A- 
CTCATTCCTGTTGAA-3' were used for the light chain yielding a 724- 
base pair fragment. For each chain three separate clones were 



1 The abbreviations used are: SEA, staphylococcal enterotoxin A; 
PCR, polymerase chain reaction; SEch, staphylococcal enterotoxin chi- 
mera; IPTG, isopropyl-0-D-thiogalactopyranoside; HPLC, high pressure 
liquid chromatography; CDR, complementarity-determining region. 

2 Antonsson, P., GjbrlofF Wingren, A., Hansson, J., Kalland, T., 
Varga, M., and Dohlsten, M. (1997) J. Immunol., in press. 
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sequenced and found to be identical. DNA fragments suitable for inser- 
tion into the expression vector (12) were obtained in a second PCR step. 
To assemble a Fab-expression plasmid, the variable regions of 5T4 were 
fused to sequences coding for the constant regions of the murine IgGl/k 
antibody C242 (12) and lacking the interchain disulfide bond. A region 
coding for a hybrid between SEA and staphylococcal enterotoxin E, 
SEA/E-BDEG, 2 with the substitution Asp-227 -> Ala in the major 
histocompatibility complex II binding site (14), was connected to the C 
terminus of the heavy chain via a Gly-Gly-Pro linker. The 5T4 Fv 
sequence is shown in Fig. 1. All 5T4 mutants were made as one-chain 
constructs and combined with the partner chain in the expression 
plasmid. The point mutations coding for Phe-10 -> Ser, Ile-63 -> Ser, 
and Tyr-67 -> Ser, as well as the heavy chain mutations were intro- 
duced by PCR while Thr-45 -> Lys, Phe-73 Leu, Thr-77 Ser, 
Leu-78 -* Val, and Leu-83 -» Ala used synthesized oligonucleotide 
linkers. Gene segments containing the various point mutations were 
also combined (Table I). All constructs were verified by DNA 
sequencing. 

Expression of 5T4Fab-SEch in the Fermenter — The products were 
expressed in the E. coli K-12 strain UL 635 (xyZ-7, ara-14, T4 R , AompT) 
using a plasmid with a kanamycin resistance gene and lacUV5 pro- 
moter. Bacteria from frozen stock were incubated at 25 °C for approx- 
imately 21 h in shaker flasks containing (per liter) 2.5 g of (NH 4 ) 2 S0 4 , 
4.45 g of KH 2 P0 4 , 11.85 g of KjHPO^ 0.5 g of sodium citrate, 1 g of 
MgSO^r^O, 11 g of glucose monohydrate, 0.11 mM kanamycin, and 1 
ml of trace element solution (19), however, without Na2Mo0 4 -2H 2 0. 
The cells were grown to an A 600 of 1-2, and 450 ml of culture medium 
was used to inoculate a fermenter (Chemap, Switzerland) to a final 
volume of 5 liters. The fermenter medium contained (per liter) 2.5 g of 
(NH 4 ) 2 S0 4 , 9 g of KH 2 P0 4 , 6 g of KjHPO,, 0.5 g of sodium citrate, 22 g 
of glucose monohydrate, 1 g of MgSO^r^O, 0.11 mM kanamycin, 1 ml 
of a decanol (Asahi Denka Kogyo K.K., Japan), and 1 ml of trace 
element solution. The pH was kept at 7.0 by titration with 25% ammo- 
nia; the temperature was 25 °C and aeration was 5 liters/min. The 
partial pressure of dissolved 0 2 was controlled to 30% by increasing 
agitation from 300 to 1000 rpm during batch phase and regulating the 
feed of 60% (w/v) glucose during fed batch phase. Product formation was 
induced at an of 50 by adding 0.1 mM isopropyl-jS-D-thiogalactopy- 
ranoside (IPTG). After fermentation the cells were removed by centrif- 
ugation at 8000 X g for 40 min at 4 °C. The clarified medium was either 
analyzed and purified directly or stored at -70 °C. 

Purification Procedures — DNA present in the clarified medium was 
removed using precipitation with 0.19% polyethylenimine and 0.2 M 
NaCl for 30 min (20). After centrifugation as above, the supernatant 
was collected, and the NaCl concentration was adjusted to 0.5 m. This 
medium was applied to a protein G-Sepharose column (Pharmacia 
Biotech Inc.) equilibrated with 0.1 M sodium citrate, pH 6.0, containing 
0.05% Tween 80. The column was washed with 1.5-2 column volumes of 
0.1 M sodium citrate, pH 6.0, 0.05% Tween 80, 7.5 column volumes of 20 
mM citric acid, 1 mM EDTA, 200 mM NaCl, 0.05% Tween 80, pH 4.7, and 
bound protein was eluted with 0.1 M acetic acid and 0.05% Tween 80. 
The pH of the sample was adjusted to 5.0 using 0.5 M sodium citrate, pH 
7.5, diluted to a conductivity of 4.7 millisiemens/cm, applied to an 
SP-Sepharose HP column (Pharmacia), and equilibrated with 60 mM 
sodium acetate, pH 5.0, and 0.02% Tween 80. The column was then 
washed with 7.5 column volumes of equilibration buffer, and the fusion 
protein was eluted using a linear gradient from 60 to 350 mM sodium 
acetate over 13 column volumes. 

Analytical Procedures — Cell extracts were prepared from 10 ml of 
freeze-thawed cell suspension containing both growth medium and 
cells. The samples were sonicated on an ice bed at an amplitude control 
of 35% for 3 min using a 3-mm probe, pulsing 70% of the time (VCX 
.600, Sonics & Materials Inc., Danbury, CT). After sonication, the 
samples were centrifuged at 8000 x g for 40 min, and the supernatants 
were analyzed. Product levels were measured in a sandwich enzyme- 
linked immunosorbent assay detecting assembled heterodimeric fusion 
protein. The wells were coated with antibodies directed against murine 
light chains, and full-length fusion protein was detected using horse- 
radish peroxidase-conjugated antibodies against SEA. Standard curves 
were obtained for respective variant fusion proteins. After cell separa- 
tion, DNA levels in the culture broth were measured using a Dyna- 
Quant 200 minifluorometer (Hoefer Scientific, San Francisco, CA) as 
recommended by the supplier. 

Reverse phase HPLC was carried out on an AsahiPak ODP-50 col- 
umn (4 X 250 mm) (Hewlett-Packard, Palo Alto, CA) using a linear 
gradient from 30 to 40% acetonitrile in 0.1% trifluoroacetic acid for 40 
min and a flow rate of 1 ml/min at 60 °C. Absorbance was measured at 
215 nm using a diode array detector (Hewlett-Packard). SDS-polyacryl- 
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amide gel electrophoresis was performed on precast Tris/glycine gels 
(NO VEX, San Diego, CA) containing 12% poly acryl amide. The products 
were analyzed as both reduced and non-reduced samples using the 
methods recommended by the supplier. Isoelectric focusing was per- 
formed on precast gels (Servalyt® Precotes®, Serva, Heidelberg, Federal 
Republic of Germany) with a pH working range from 3 to 10 using the 
methods recommended by the supplier. Mass spectrometry was carried 
out on a MALDI-TOF MS (Hewlett-Packard), and amino acid analysis 
was performed using a Beckman 6300 essentially as described (19). 

Cytotoxicity Assay — Cytotoxicity was measured in a 51 Cr release 
assay after 4 h using the 5T4 antigen-positive Colo205 cultured in 
complete tissue culture medium (21) as target cells and human SEA- 
reactive T cell lines (12) at an effector to target ratio of 30:1. 51 Cr- 
labeled target cells were used in the assay at 2500 cells/200 /xl of tissue 
culture medium in V-bottomed microtiter wells. 5T4Fab-SEch fusion 
proteins were added at various concentrations, and 51 Cr release was 
measured in a 7-counter. Specific cytotoxicity was calculated as 100 x 
[(cpm experimental release - cpm background release)/(cpm maximal 
release - cpm background release)]. 

Determination of Antigen Binding Characteristics — The human can- 
cer cell lines Calu-1 (ATCC HTB 54) and ME-180 (ATCC HTB 33), both 
expressing high levels of 5T4 antigen as demonstrated by fluorescence- 
activated cell sorter staining, were cultivated in tissue culture medium 
as above. Adhered cells were detached from the flasks using non- 
enzymatic cell dissociation solution (Sigma), washed twice in a C0 2 
independent medium without L-glutamine (Life Technologies, Inc.) con- 
taining 10% fetal calf serum, and finally suspended in that medium at 
a density of 6 x 10 5 cells/ml. 

The 5T4Fab-SEch was radiolabeled with the lactoperoxidase tech- 
nique using Enzymobeads (DuPont NEN). The reaction was stopped 
with 0.05% NaN 3 , and the labeled protein was desalted by gel filtration 
(PD-10, Pharmacia) using culture medium as elution buffer. Conditions 
were chosen to obtain a ratio of iodine to protein of ^2:1. 

In a direct binding assay, 3 x 10 4 cells in 50 /xl of solution were mixed 
with 50 pi of serially diluted radioiodinated fusion protein in a conical 
polypropylene tube in triplicate and incubated for 2 h at room temper- 
ature with intermittent mixing. Each tube was washed three times 
using 3 ml of phosphate-buffered saline containing 1% fetal calf serum, 
which was removed by centrifugation for 5 min at 600 X g. After the 
final wash, cell-bound radioactivity was determined in a y-counter. The 
apparent dissociation constant and number of binding sites at satura- 
tion were calculated (22) after subtraction of nonspecific binding (i.e. 
binding after incubation in the absence of cells). This method was 
modified to an inhibition assay. Here serially diluted fusion proteins 
competed with wild-type 125 I-5T4Fab-SEch at a concentration corre- 
sponding to the K d value determined in the direct assay. The concen- 
tration yielding half-maximum inhibition, IC 50 , was determined after 
linear regression of log-logit transformed binding data, and the relative 
affinity index was determined as the ratio between the IC 50 values of 
competitor and wild- type 5T4Fab-SEch. 

Computer Modeling of the 5T4Fab Variable Region — The individual 
5T4 V H and V L domains were built by homology modeling to known 
structures using the COMPOSER module in SYBYL 6.22 (Molecular 
modeling program SYBYL 6.22, Tripos Associates, St Louis, MO). A 
family of structurally homologous molecules with sequence identities of 
at least 60% to the modeled chains were used as templates. For the 
heavy chain, 7 immunoglobulin fragments were selected, while for the 
light chain, 22 fragments were used. The structurally conserved regions 
were built by averaging the template structures according to the COM- 
POSER algorithm. The remaining LOOP regions were built using tem- 
plate loop fragments found among Fab fragments in the protein struc- 
ture data base of COMPOSER. The individual V H and V L domains were 
docked to each other to form the Fv fragments. A structural alignment 
between the individual V H and V L chains and the crystallographic 
structure of a murine Fab, entry 1MCP in the Protein Data Bank (23), 
was made using the ALIGN procedure of the ICM program (24). Finally, 
hydrogen atoms were added, and the structure was refined by a regu- 
larization procedure in the ICM algorithm (24). 

RESULTS 

Cloning and Expression of Recombinant 5T4Fab-SEch Con- 
structs — The variable regions of the antibody 5T4 were cloned 
using PCR and introduced into an expression vector (12) coding 
for a Fab product with a superantigen linked to the C terminus 
of the heavy chain. The plasmid was transformed into an ompT 
strain of E. coli, UL635, and expression of the recombinant 
product was induced with IPTG. The product was secreted as 
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Table I 

Biochemical and immunological characterization of the different fusion proteins studied 
Using an enzyme-linked immunosorbent assay method the level in the growth medium and total yield in a sonicated mixture of growth medium 
and bacteria were determined. The IC 50 values were obtained from affinity measurements to 5T4 antigen-positive cells, and the biological activity 
was determined using a cytotoxicity assay. The variants of the 5T4 heavy chain contain the following substitutions: H41P, S44G, I69T, and V113G 
(mutant 1 (ml)) and H41P, S44G, and V113G (mutant 2 (m2)). 

Light chain replacements Yield 

Variant Heavy chain IC 50 Activity 

F10S T45K I63S Y67S F73L T77S L78V L83A Medium Total 



mg I liter tim % 
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39 


48 
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39 


59 
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224 


297 


1000 
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92 


126 
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5T4 
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5T4 


93 


136 
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100 
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5T4 
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5T4 


57 
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53 
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1.6 
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V10 
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5T4 


214 


250 


2.6 


100 


Vll 
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X 
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5T4 


586 


701 






V12 


X 
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X 


X 


X 


5T4 


512 


470 


2.0 


100 


V13 


X 


X 
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X 


X 


X 


X 


5T4 


578 


560 


1.4 


100 


V14 


X 


X 


X 


X 
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X 




5T4 (ml) 


288 


730 


1.9 


100 


V15 


C215k 














5T4 (m2) 


250 


560 






V16 






X 


X 


C215-U-23)-5T4 


5T4 


110 


124 


5.4 


100 



° ND, not detected. 

6 X, substitution introduced in the respective variant. 



two separate polypeptide chains that assembled to a het- 
erodimeric product in the E. coli periplasm. During fermenta- 
tion, a significant amount of the two-chain product is excreted 
to the growth medium and usually connected by a significant 
cell lysis. Normally the levels of Fab superantigen products 
range from 100 to 400 mg/liter in the growth medium (data not 
shown). However, for 5T4Fab-SEch the production level was 
around 40 mg/liter in the growth medium and less than 10 
mg/liter in the periplasm, as determined with enzyme-linked 
immunosorbent assay (Table I). To increase the yield, several 
parameters in the fermentation procedure were varied such as 
time point and level of induction, temperature, and medium 
composition, but no further improvement in production level 
was achieved. 

Construction and Investigation of Hybrid Molecules between 
5T4-SEch and C215Fab-SEch—To determine whether one of 
the two polypeptide chains dominated the production problem, 
hybrid molecules of 5T4Fab-SEch and C215Fab-SEch were 
made. C215 is a murine antibody recognizing a colon cancer 
epitope (25), and fusion proteins between C215Fab and SEA- 
based superantigens are normally secreted at levels up to 400 
mg/liter in E. coli. Fermentation of variant VI with the 5T4 
light and C215 heavy chain yielded 39 mg/liter product in the 
growth medium, while variant V2 with C215 light and 5T4 
heavy chain yielded 224 mg/liter (Table I). For VI and V2, most 
of the product was found in the growth medium instead of the 
periplasm (Table I). Hence, replacing the heavy chain of 5T4 
did not affect the low production level, while replacement of the 
light chain resulted in a more than 5-fold increase. 

One further observation was made during fermentation. For 
the 5T4 wild-type construct, as well as variant V2 that con- 
tained the C215 light chain, the A 600 started to decline and the 
cell viability decreased more than 10-fold within a few hours 
after induction (Fig. 3), followed by an increased DNA level in 
the growth medium. The variant VI that contained the C215 
heavy chain behaved differently. The amount of viable E. coli 
cells was more than 10-fold higher for VI than for V2 with 5T4 
heavy chain when fermentation was terminated. In addition, 
the final cell density was much higher (Fig. 3). 

The fusion proteins were purified using protein G affinity 
and then ion exchange chromatography to remove degraded 



forms. The purified products were analyzed with SDS-poly- 
acrylamide gel electrophoresis, reverse phase HPLC, mass 
spectrometry, isoelectric focusing, and amino acid analysis. 
The latter technique was also used to determine protein con- 
centrations. All of these assays indicated that the main product 
contained and constituted 85-95% of the expected characteris- 
tics. However, both products showed a strongly reduced affinity 
for the 5T4 antigen (16), and only variant V2 with the 5T4 
heavy chain had measurable affinity. The IC 50 value was low- 
ered approximately 1000-fold, and the products were at least 
1000-fold less potent in cytotoxic activity (Table I). 

Three important conclusions could be made from these data. 
The low yield of product was mainly associated with the 5T4 
light chain; the high cell lysis during fermentation was primar- 
ily associated with the 5T4 heavy chain, and both chains con- 
tain residues important for binding to the 5T4 antigen. 

Molecular Modeling of 5T4 Fv — To explain the low produc- 
tion level of 5T4, a model was built. Here information regarding 
exposed hydrophobic residues, structural identification of the 
complementarity-determining regions, CDRs, and insights into 
the structural environment of the residues described below was 
obtained. The high sequence identity of more than 60% to a 
relatively large number of template structures ensured that 
the overall accuracy of the model was good. The most uncertain 
regions are those modeled as LOOP regions, e.g. either not 
structurally conserved within the family of template structures 
or not highly homologous to them. However, for these LOOP 
regions such templates, which fitted well to the structurally 
conserved regions, were found among other immunoglobulin 
structures. Of the residues investigated only Tyr-67 in the light 
chain and Val-113 in the heavy chain were situated in the 
LOOP regions. Therefore, the model most likely correctly pre- 
dicts whether the residues studied were exposed or buried and 
whether a certain residue is needed to support the CDR loop 
structure. 

Engineering of the 5T4Fab-SEch Construct — Based on the 
finding that V L replacement in 5T4Fab efficiently increased the 
production level but affected the binding properties, the mole- 
cule was modified to identify residues that hampered high level 
production. Hydrophobic residues, suggested to be on the Fab 
surface by computer modeling (Fig. 2), were replaced by serine 
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COMPARISON OF THE LIGHT CHAIN VARIABLE DOMAINS 

1 XXXX XXXXX XXXXXXXX XXXXX XXXXX 

C215 DIVMTQSPSS LTVTAGEKVT MNCKSSQSLL NSRNQKNYLT WYQQKPGQPP KLLIYWASTR 
5T4 SIVMTQTPTF LLVSAGDRVT ITCKASQSVS ND VA WYQQKPGQSP TLLISYTSSR 

1 * * 

S K 



Fig. 1. Amino acid sequence of the 
Fv part of the antibodies 5T4 and 
C215 showing the substitutions ex- 
amined. The one-letter abbreviations are 
used for the amino acid residues. The 
CDRs (15) are indicated in bold, and the 
approximate positions of the loops are in- 
dicated by the letter X. 



xx xxx xxx xxxxx xxxxxx xxx xxx 

C215 BSGVPDRFTG SGSGTDFTLT ISSVQAEDLA VYYCQHDYVY PLTFGAGTKL ELK 
5T4 YAGVPDRFIG SGYGTDFTFT ISTLQAEDLA VYFCQQDYNS PPTFGGGTKL EIK 

55 * # * #» * 

S S I> SV A 

COMPARISON 07 THE HEAVY CHAIN VARIABLE DOMAINS 

XX X XXXXX XXXXX XX XXX XXXX X 

C215 QVQLQQPGAE LVRPGASVXL SCKASGYTFT NYWINWVKQR PGQGLEWIGN IYPSYIYTNY 
5T4 EVQLQQSGPD LVKPGASVKI SCKASGYSFT OYYMHWVKQS HGKSLEWIGR INPHNGVTLY 

1 * * 

P G 



XXXXX XXX XXXXXXXX 

NQEFKTKVTL TVDESSSTAY MQLSSPTSED 
NQKFKDKAIL TVDKSSTTAY MELRSLTSED 
61 * 
T 



X X XXXXXXXXXX XXX xxXX 

SAVYYCTRSP YGYDE...YO LDYWGQGTSV TVSS 

SAVYYCARST MITN YV M0YWGQVTSV TVSS 

* 

G 




Fig. 2. Ribbon representation of 
the 5T4 Fv model. Substituted amino 
acid residues are indicated as space-fill- 
ing models, and the CDRs are indicated 
by black ribbons. 



residues. Selected residues differing from the equivalents in 
more readily produced Fab fragments such as C215 were ex- 
changed for the latter (Fig. 1). To minimize putative effects in 
affinity and specificity, residues in the CDRs were not altered. 
The C H 1 and C L regions were identical in all antibodies stud- 
ied. The chosen substitutions were Phe-10 — > Ser, Thr-45 — » 
Lys, Ile-63 Ser, Tyr-67 Ser, Phe-73 -> Leu, Thr-77 -> Ser, 
Leu-78 —> Val, and Leu-83 -» Ala in the light chain. In addition, 
to identify heavy chain residues that could affect the yield or 
cell lysis as suggested by the hybrid studies, the substitutions 
His-41 -» Pro, Ser-44 Gly, Ile-69 -> Thr, and Val-113 -+ Gly 
were investigated. The positions of these residues and a se- 
quence alignment between the Fv regions of 5T4 and C215 are 
shown in Figs. 1 and 2. In the model, Phe-10, Thr-45, Ile-63, 
and Thr-77 in the light chain are exposed side-chain residues. 
Consequently, the replacements Phe-10 -> Ser, Ile-63 -* Ser, 
and to a lower degree Thr-77 — ► Ser should make the product 
less hydrophobic. The substitutions Phe-73 -> Leu and Leu-78 
-> Val were made in the completely buried hydrophobic core of 
the light chain. The light chain residue Tyr-67 is in a loop close 
to the CDRs. Replacing this residue may therefore change the 



binding properties of the molecules. The heavy chain substitu- 
tions His-41 -* Pro and Ser-44 -> Gly involved exposed side 
chains positioned at the N and C terminus, respectively, of a 
sharp turn connecting two framework /3 strands. Both proline 
and glycine residues are important in stabilizing sharp turns in 
proteins. The substitutions Leu-83 -> Ala in the light chain and 
especially Val-113 — > Gly in the heavy chain may affect the 
interactions with the constant domains. Although not modeled, 
these residues are in the domain-domain interface of structural 
homologues. Finally, to find out if other residues in framework 
1 affected the yields, a variant of 5T4 containing the 23 N- 
terminal residues of the C215 light chain instead of the wild- 
type ones, was constructed. The effects of the different substi- 
tutions were investigated as single or combined amino acid 
replacements. In a reverse phase HPLC system (Fig. 4), the 
variant chains of 5T4 are much more hydrophilic than the 
wild- type chains. 

Impact of Engineering on Production Levels — The hybrid 
variants of 5T4 and C215 suggest a replacement of critical light 
chain residues in 5T4 to obtain a higher production level. 
Indeed, enzyme-linked immunosorbent assay measurements 
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Fig. 3. Growth curves and cell via- 
bility measured during fermentation 
of the wild-type and variant 5T4Fab- 
SEch constructs. The variants shown 
are VI, V2, V13, and V14 (Table I). Vari- 
ants VI and V14, containing the C215 or a 
mutant heavy chain, differ markedly from 
the wild-type construct since the A 600 
(OD) reaches a much higher level, and the 
number of viable cells (X 10 9 ) is not mark- 
edly decreased. 




time after induction (h) timc after induction (h) 



after fermentation showed that individual substitutions had 
substantial impact on the yields. Notably, a single substitution 
Phe-10 -> Ser, variant V3, increased the level from 39 to 92 
mg/liter in the growth medium (Table I). Further substitutions 
increased the production levels continuously and by introduc- 
ing five or seven point mutations in the light chain, variants 
V11-V13, the growth medium levels exceeded 500 mg/liter. For 
these variants, the V L moiety may no longer be the limiting 
component. Phe-10 — » Ser was the most important replace- 
ment, followed by similar and almost additive effects from 
Thr-45 -> Lys, Thr-77 -h> Ser, and Leu-78 -> Val. Furthermore, 
Leu-83 -> Ala also enhanced the yield but was not studied in 
combination with the others. Except for Phe-10 ~» Ser, replac- 
ing the complete framework 1 did not drastically alter the level 
as seen in variants V5 and VI 6. 

Significant cell lysis was observed during cultivation of wild- 
type 5T4Fab-SEch and the most product was found in the 
growth medium. A few hours after induction with IPTG, the 
cell growth was markedly affected, and the cell mass in the 
fermenter started to decline, as determined by A 600 (Fig. 3). In 
addition, the number of viable cells decreased more than 10- 
fold within 10-15 h (Fig. 3). These characteristics were not 
fundamentally changed by any of the light chain alterations in 
variants V3 to V13. However, substitutions in the heavy chain 
altered the properties markedly. The cell mass continued to 
increase throughout the fermentation to an A 600 of almost 150 
(Fig. 3) with repressed cell lysis. As a consequence, the most 
product was found in the periplasm. In variant V14 with seven 
light chain and four heavy chain substitutions, the level was 
288 mg/liter in the growth medium and almost 450 mg/liter in 
the periplasm (Table I). Subsequently, combined with a suita- 
ble light chain, the heavy chain replacements increased the 
total level of fusion protein to 30%. The DNA levels in the 
growth medium, reflecting the cell lysis, showed that variant 
V13 contained more than 1 g of DNA/liter, while V14 contained 
less than 0.2 g. A hybrid molecule, V15, with C215 light chain 
and 5T4 heavy chain with the replacements His-41 — * Pro, 
Ser-44 -> Gly, and Val-113 —> Gly, was also investigated. This 
molecule gave approximately the same yield of product in the 
growth medium, 250 mg/liter, as hybrid V2. However, similarly 
to variant V14, cell lysis was less pronounced with this heavy 
chain, indicating that the substitution Ile-69 -* Thr was less 
important for increased cell viability. 

Thus, replacing a few residues in the 5T4 light chain in- 
creased the yield almost 15-fold and was further augmented by 
heavy chain substitutions. The heavy chain replacements al- 
tered the phenotype of the E. coli cells during fermentation, 
and less lysis was observed. Subsequently, most of the product 
was found in the periplasm instead of the growth medium. 

Analysis of the Mutated Forms of 5T4 — Similar to the 5T4 
and C215 hybrids, the variants of 5T4Fab-SEch were purified, 
and biochemical analyses showed approximately 85-95% of the 



main component (Fig. 4) with expected characteristics. The 
minor products seen on reverse phase HPLC are isomers of the 
light or heavy chains that are not separated from the wild-type 
chains on SDS-polyacrylamide gel electrophoresis. 

To investigate whether the replacements affected biological 
properties, the different products were analyzed for binding to 
the 5T4 antigen, and since the constructs were aimed for im- 
munotherapy, a functional in vitro assay was also performed. 
None of the substitutions seemed to have a significant effect on 
cytotoxic activity (Table I), but replacement of Ile-63 and 
Tyr-67 with serine residues as in variants V4, V5, and V10 
resulted in a reduced affinity for the antigen by approximately 
50% (Fig. 5 and Table I). Surprisingly, this effect was reversed 
by the light chain substitutions Phe-73 -> Leu, Thr-77 -> Ser, 
and Leu-78 -> Val in variants V12 and V13. The variant V16 
containing the 23 N-terminal residues from C215 combined 
with the substitutions Ile-63 -> Ser and Tyr-67 -> Ser had an 
affinity of approximately 30% compared with the wild-type 
5T4Fab-SEch (Fig. 5 and Table I). This indicated that unknown 
residues in framework 1 of 5T4 stabilized the antigen binding 
site, and if replaced by the equivalents from C215, the binding 
properties were affected. These effects were not studied 
further. 

In conclusion, none of the replacements resulted in a dra- 
matic alteration in either affinity or cytotoxic activity of the 
5T4Fab-SEch molecule. However, some of the substitutions 
slightly changed the binding properties. 

DISCUSSION 

It was recently demonstrated that particular amino acid 
residues in the CDRs of recombinant antibodies can influence 
the level of secreted product in E. coli (26, 27). Here that 
finding was extended showing that Fv framework substitutions 
significantly enhanced the yield of a secreted Fab-fusion pro- 
tein in E. coli. Two approaches were used to design variants of 
the antibody 5T4. Hydrophobic residues, likely to be on the 
framework surface according to molecular modeling, were re- 
placed with Ser or Ala, and a few less frequent residues were 
replaced by those of an antibody that can be produced at rela- 
tively high yields in E. coli (Fig. 1). To minimize the risk of 
changing the binding properties, CDR engineering was not 
performed. Using only five light chain substitutions, the prod- 
uct level in the growth medium increased approximately 15 
times without significantly modifying the affinity for the anti- 
gen. This level was higher than for the model antibody C215. 
The high producing variants V11-V13 all reach a level above 
500 mg/liter, and here the V L part may not be the limiting 
component. The hydrophobic light chain residue Phe-10, which 
is totally exposed in the model (Fig. 2), was very limiting for 
high level production. In variant V3, Phe-10 was replaced with 
Ser, which resulted in a 2.5-fold increase in the production 
level. In addition, the substitutions Thr-45 -* Lys, Thr-77 -* 
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Fig. 4. Reverse phase HPLC analy- 
sis of purified wild-type 5T4Fab- 
SEch, variant V13 with seven substi- 
tutions in the light chain, and V14 
with seven substitutions in the light 
chain and four in the heavy chain. 
The analytical conditions are described 
under "Experimental Procedures." Since 
the polypeptide chains are not covalently 
attached to each other, they are detected 
individually, and it is estimated that each 
product has a homogeneity of 85-95%. L t 
light chains; H, heavy chains; and wt, 
wild-type. In this assay, the variant 
chains are significantly less hydrophobic 
than wild type. 
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Fig. 5. Determination of the affinities for the 5T4 antigen in 
one representative experiment for wild-type 5T4Fab-SEch and 
its variants V13 and V16. The affinities were determined on Calu-1 
cells as described under "Experimental Procedures." Variant V16 has a 
relative affinity of approximately 20% compared with wild-type and 
variant V13 (Table I). 

Ser, Leu- 78 -> Val, and Leu-83 Ala increased the yield 
especially when Phe-10 was replaced as observed with the 
variants V5 and V7-V13 (Table I). 

While the light chain substitutions had a tremendous impact 
on the final yield, the heavy chain replacements primarily 
affected product localization (Fig. 3, Table I). Thereby, a tool 
that enables targeting of recombinant antibody fragments to 
either the periplasm or the growth medium might have been 
identified. Whether it is optimal to obtain a recombinant prod- 
uct in the periplasm or growth medium can be questioned, but 
for downstream processing there are definite advantages to 
recovering a product from the growth medium. In accordance 
with this study, a recent investigation of heavy chain loop 
substitutions show that residues controlling production level 
and periplasmic leakiness may differ (26). A Pro as residue 40 
led to a higher leakiness compared with Ala, while the substi- 
tutions Ser-61 — > Ala and Ala-62 — » Asp (using the 5T4 posi- 
tions) lead to higher production levels. Notably, Pro-40 resided 
in the corresponding turn that appeared to be important for 
periplasmic leakiness in this study. By comparing previously 
reported yields with our results, it seems possible that the 



residues studied here generally determine the production level 
for secreted antibody fragments. For instance, one antibody 
reported to be produced very poorly in E. coli contains a Phe at 
position 10 (27). Also, the humanized Fab secreted in approx- 
imately 1 g/liter (7) contains most of the optimal residues like 
Ser- 10, Lys-45, and Ser-77 as well as those found important by 
Knappik and Pliickthun (26). The heavy chain substitution 
Ile-69 -> Thr seems to have less impact on product levels and 
localization (Table I) (26). 

There are several possible explanations for the drastic dif- 
ferences observed. For instance, compared with the engineered 
variants, wild-type 5T4Fab may have poor folding properties, 
lower solubility of the unpaired chains, a higher tendency for 
aggregation, a higher formation rate of unproductive light 
chain dimers (28), or a lower stability toward proteolysis (29). 
Also the wild-type mRNA could have a low stability, or less 
likely there may be problems with the translocation initiation 
process (30). The periplasmic folding process has been sug- 
gested to be the major limitation for secretion of recombinant 
antibodies in E. coli (31, 32). Furthermore, replacing residues 
identified as limiting indeed improved in vitro refolding of 
reduced and denatured Fv molecules (26), and proline isomer- 
ization was rate-limiting for that folding process (33). It is 
therefore likely that at least some of the substitutions in 5T4 
caused an effect that facilitated proper folding. Replacing hy- 
drophobic residues on protein surfaces with more hydrophilic 
ones has yielded products with suppressed tendencies for ag- 
gregation or dimer formation during production (34). There- 
fore, the variant light chains of 5T4, which are more hydro- 
philic than the wild-type chain, are probably less prone to 
aggregate. Preliminary analyses on the amount of light chain 
dimers indicate that in no case does the level exceed that of Fab 
(data not shown). Recently, a folding model for recombinant 
antibodies in E. coli was suggested (33). Here, the light chain 
acts as a folding template for the heavy chain that would 
otherwise aggregate. Our data do not contrast that model. 
Thus, the final yield was probably determined by the folding 
and aggregate-forming properties of the light chain and the 
time needed for the heavy chain to find its partner chain before 
precipitation, which may induce stress to the host cell. 

None of the substitutions in 5T4 resulted in a drastic change 
in affinity for the antigen. According to the model (Fig. 2) only 
Tyr-67 is positioned close to the CDRs. Combining the substi- 
tutions Ile-63 -> Ser and Tyr-67 -* Ser or replacing the light 
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chain framework 1 resulted in a decrease in affinity by approx- 
imately 50%, but additional substitutions reversed this effect 
(Fig. 5 and Table I). Similar to previous experiences (35, 36), 
this shows that particular residues in individual framework 
regions stabilize the unique conformation of an antibody's an- 
tigen binding site. For tumor therapy it is unclear what affin- 
ities are optimal, but the repertoire of antibodies generated 
here, perhaps differing in the k on and k ofTi may be used to 
investigate these issues. 

The mechanisms inducing leakage of proteins from 
periplasm to growth medium are not well known (37, 38). The 
data presented here and elsewhere (26, 39) show that small 
variations in the composition of a secreted product can induce 
a large difference in stress for the host cell, which leads to lysis 
during fermentation. Cell lysis was certainly one important 
reason for the high amounts of product found in the growth 
medium in this study, but apparently leakiness that was not 
directly coupled to lysis was observed in two different ways. 
First, despite great similarities between variants VI, V14, and 
V15 regarding viable cells, etc. during fermentation (Fig. 3), 
the ratios of product found in the growth medium and 
periplasm differ (Table I). Second, even though replacing heavy 
chain residues resulted in a higher viability of the E. coli cells 
and subsequently less lysis, at least 40% of the product was 
still found in the growth medium. It is less likely that all of this 
product was released by cell lysis since after fermentation of 
variant V14 the DNA level in the growth medium was less than 
20% compared with V13. Also, a few other recombinant prod- 
ucts tend to be found primarily in the growth medium after 
secretion without any connected cell lysis (40, 41). Conse- 
quently, there must be a complex relationship between how 
individual residues affect cell lysis and periplasmic leakage. 
Further studies with this system may explain some of the 
molecular mechanisms behind these events for antibody 
fragments. 

In conclusion, this paper has shown that problems with low 
production of a secreted antibody fragment may be circum- 
vented by molecular engineering. It may also be feasible to 
modify the framework so the product can be recovered from 
either the growth medium or the periplasm. More specula- 
tively, the substitutions identified here in combination with 
those found by others could constitute a platform for the design 
of frameworks that are generally suitable for E. coli production 
of recombinant antibodies. 
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PAC1 is an IgMK murine monoclonal antibody that, like 
the Arg-Gly- Asp-containing ligand fibrinogen, binds to 
integrin a IIb 0 3 only on activated platelets. The unique 
binding properties of PAC1 may be determined by its 
large size, its multivalency, and by variable region se- 
quences, including an Arg-iyr-Asp at residues 100A-C in 
H-CDR3. To study the molecular determinants of PAC1 
function, baculoviruses containing cloned cDNA for the 
Fd heavy and k light chains of PAC1 were used to co- 
infect Sf9 insect cells. Infected cells secreted a soluble, 
monovalent, 50-kDa Fab fragment that bound saturably 
to agonist-stimulated platelets but not to resting cells. 
Fab binding was inhibited >S5% by 10 nm EDTA, 1 mM 
RGDS, 1 mM fibrinogen y^^, or 12 um fibrinogen, but not 
by 1 mM RGES. Compared to PAC1 IgM, a 60-fold higher 
molar concentration of PACl Fab was required for half- 
maximal binding to platelets or for half-maximal inhibi- 
tion of fibrinogen binding. PACl Fab bound to an acti- 
vated form of otmyPs expressed in Chinese hamster ovary 
cells, but not to the resting form of the receptor in these 
cells or to ct^fi 3 in human endothelial cells. Conversion of 
Asp l00C to Glu by site-directed mutagenesis rendered the 
antibody inactive, indicating that the Arg-Tyr-Asp se- 
quence in H-CDR3 is essential for PACl recognition of 
a ra>0s- Binding of fibrinogen or PACl IgM to platelets in- 
duced tyrosine phosphorylation of a 140-kDa platelet 
protein, but binding of PACl Fab did not. These studies 
demonstrate that the specificity of PACl for activated 
<*nb03 i s determined by an integrin recognition sequence 
within H-CDR3. However, the strength of this binding in- 
teraction and the ability of PACl to trigger signaling in 
platelets also depend on antibody valency. 



Integrins are transmembrane a0 heterodimers that mediate 
cell-cell and cell-matrix interactions during normal physiologi- 
cal processes, such as embryonic development, immune re- 
sponses, orhemostasis, and during pathological processes, such 
as neoplasia or thrombosis (1-3). Human platelets have pro- 
vided a useful model system for examining integrin-mediated 
events in hemostasis and thrombosis (4, 5). Of the five integrins 
expressed on platelets (a IIb 0 3 , a^, a^, a 5 /3 lf and a^), a IIb 0 3 is 
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the most abundant, and its interaction with the Arg-Gly-Asp 
(RGD)-containing adhesive proteins, fibrinogen and von Will- 
ebrand factor, is essential for platelet spreading on extracellu- 
lar matrix and for platelet aggregation (6, 7). The apparent 
affinity of a IIb 0 3 for these ligands is tightly regulated by the cell, 
a phenomenon that has been referred to as "inside-out" signal- 
ing (8). Resting platelets do not bind fibrinogen with measur- 
able affinity, while thrombin-activated platelets bind approxi- 
mately 40,000 fibrinogen molecules/cell with an apparent K d of 
300 dm (6, 8). In addition to inside-out signaling, "outside-in" 
signaling is triggered by fibrinogen binding to a 1Ib /3 3 , which 
causes clustering of integrin receptors and tyrosine phospho- 
rylation of specific platelet proteins (9, 10). 

PACl is a murine IgMK monoclonal antibody that recognizes 
or IIb 0 3 and mimics the binding characteristics of fibrinogen. For 
example, while PACl fails to bind to resting platelets, it binds 
to 25,000-30,000 sites per platelet after thrombin stimulation, 
with an apparent K d of 5 nM (11). Binding of either PACl or 
fibrinogen is inhibited competitively by the other ligand as well 
as by synthetic peptides derived from receptor recognition se- 
quences in fibrinogen (e.g. RGDF and RGDS from the Aa chain, 
and T^^n from the COOH terminus of the y chain (11-13)). 
The similarities between fibrinogen and PACl are underscored 
by the observation that anti-idiotypic antibodies to PACl bind 
to fibrinogen (14). This mimicry of fibrinogen may be explained, 
at least in part, by the structure of one of the six hypervariable 
regions in PACl, H-CDR3 ( R 95 SPS YYRYDGAGPYYAMDY 102 ; 
numbering system according to Kabat et al. (15)). A synthetic 
peptide derived from this CDR inhibited both PACl and fi- 
brinogen binding to activated platelets. In contrast, a peptide 
containing the inverted DYR sequence was inactive (16). Mo- 
lecular modeling studies suggest that the Arg-Tyr-Asp (RYD) 
within H-CDR3 is situated at the apex of a 0-loop (17, 18), 
much like the orientation of RGD sequences in constrained 
bioactive peptides known to inhibit fibrinogen binding to a IIb /3 3 
(19-21). These studies suggest that the antibody-combining 
site of PACl may share a three-dimensional resemblance to one 
or more of the integrin recognition domains in fibrinogen. 

Two outstanding issues in a nb 0 3 biology include: 1) the mo- 
lecular basis of affinity modulation of the receptor, and 2) the 
structural features of a ligand that determine its specificity for 
a particular integrin. With regard to affinity modulation, al- 
though small RGD peptides can bind to resting platelets, the 
access of larger ligands, such as the 330-kDa fibrinogen mol- 
ecule or the 1000-kDa PACl molecule, might well be limited by 
their large size. One way to address this issue would be to 
perform platelet binding studies with a smaller functional unit 
of PACl, such as a Fab fragment. With regard to the issue of 
integrin specificity, it is known that fibrinogen, von Willebrand 
factor, and vitronectin can recognize both a IIb 0 3 and a v /3 3 (22). 
In contrast, certain snake venom disintegrins as well as syn- 
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thetic RGD peptides and peptidoraimetics appear to bind selec- 
tively to a in ^ 3 (23-25). The molecular basis for this selectivity 
is not fully understood. In this context, it is not known whether 
PAC1 can bind to aJ3 3 . 

The present studies were carried out using recombinant Fab 
fragments of PAC1 expressed by baculovirus-infected insect 
cells to study the roles of PAC1 size, valency, and sequence as 
determinants of the unique binding characteristics of this anti- 
integrin antibody. Although baculovirus-directed expression of 
Fab fragments has not yet been reported, this system has been 
used successfully to express IgG antibodies and singles-chain Fv 
fragments in amounts suitable for biochemical analyses (26- 
29). The present studies show that insect cells can secrete rela- 
tively large amounts of monovalent PAC1 Fab, which binds to 
a iibf*3 on platelets but not to a v j3 3 on human endothelial cells. 
Furthermore, despite its 20-fold smaller molecular mass rela- 
tive to PAC1 IgM, PACl Fab binds only to an activated form of 
<*iib03- Finally, site-directed mutagenesis of PACl indicates that 
integrin specificity is directly dependent on the RYD sequence 
within hypervariable region, H-CDR3. 

MATERIALS AND METHODS 

Cell Culture — Monolayer or suspension cultures of Sf9 cells from 
Spodoptera frugiperda were adapted to and maintained at 27 °C in 
Sf-900 II serum-free medium (Life Technologies, Inc.) supplemented 
with fungizone and gentamycin (30, 31). CHO 1 cell lines that express 
recombinant forms of human a irb 0 3 were constructed and maintained as 
described (32, 33). The A5 CHO cell line expresses wild-type a f!b 03, 
while the a L A cell line expresses full-length 0^ along with an a subunit 
composed of the extracellular and transmembrane domains of a m and 
the cytoplasmic domain of in which the membrane-proximal VGFFK 
sequence has been deleted. 

Construction of Baculovirus .Transfer Vectors— The method of Muller 
and Rajewsky (34) was used to obtain an IgG,K class-switch variant of 
PAC1, which was kindly provided by Paul Hering, F. Hoffman-La Roche 
Ltd., Basel, Switzerland. This variant, which continued to produce both 
IgG and IgM protein despite multiple rounds of cloning, was used to 
obtain PACl mRNA for construction of baculovirus transfer vectors. 
PACl 7,Fd (V H -y,CH,) and * cDNA were amplified by reverse tran- 
scriptase-PCR from total cellular RNA (35). The primers for the heavy 
chain reaction were 5'-GGCGGTGATCAGCAGGTGCAGCTGAAG- 
CAG-3' and 5'- GGCGGACTMTITACTAACAATC^ 
3-; the primers for the light chain (kappa) reaction were 5'-GGCATG- 
GATCCA GATGTTTTGATGACCCAAC-3' and 5'-GGOGGTCTAGA 
TTACTAACACTCATTCCTGTTGAA-3'. The heavy chain product was 
digested with Bell and Spel, and the light chain with BaniHl and Spel. 
These digests were then individually force-cloned into the pVT-Bac 
baculovirus transfer vector that had been cut with BamHl and Nkel 
(36); to produce two separate transfer vectors, pVT-Bac/PACl Fd and 
pVT-Bac/PACl k. In each case; the immunoglobulin fragment was fused 
in-frame to the 3' end of the signal peptide for honeybee mellitin, im- 
mediately downstream of the strong polyhedrin promoter. 

lb facilitate purification of PAC 1 Fab secreted by Sf9 cells, an oligo- 
histidine tail (His) 6 was introduced at the 3' end of the PAC 1 heavy 
chain cDNA, using pVT-Bac/PACl Fd as a template and 5'-GGCATCT- 
GCAGTCTGACCTCTACACTCTGAGCAGC-3' and 5-GGGG GAAT- 
T^AGTGATGGTGATGGTGATGACAATCCCTGWGCACAAT-3' as 
the PCR primers. The PCR product was digested with Pstl and £coRI 
and subcloned into pVT-Bac/PACl Fd which had been cut with Pstl and 
ffcoRI. This resulted in the final heavy chain transfer vector, pVT-Bac/ 
PAC1 Fd^, which is illustrated in Fig. 1, along with pVT-Bac/PACl k. 

Splice overlap extension PGR was used to construct PACl Fab con- 
taining an Asp Glu substitution at amino acid residue 100C in H- 
CDR3 (15, 37). This mutation was introduced using the primer 5'- 
ATAGTAAGGACCCWCCCTTCGTACCTATAGTAGGAG-3', and the 
PCR product was cloned into the pVT-Bac vector as described above. 
The complete sequences of all PCR-generated products in this study 
were verified to be correct by dideoxynucleotide sequencing (Sequenase 
version 2.0 kit; U. S. Biochemical Corp.). 

Transfection and Isolation of Recombinant Baculoviruses— To obtain 
recombinant baculoviruses, cotransfection of S(9 cells was performed 



1 The abbreviations used are: CHO, Chinese hamster ovary; PCR, 
polymerase chain reaction; FITC, fluorescein isothiocyanate. 




Fig. 1. Baculovirus transfer vectors used to express PACl Fab. 
The pVT-Bac/PACl Fd HU vector was used to clone a recombinant bacu- 
lovirus for expression of the PACl ^Fd chain CVVYiCHj), and the pVT- 
Bac/PACl k vector was used for expression of PACl k. Heterodimers of 
these chains produce PAC 1 Fab. 



with 2 pg of either the pVT-Bac/PACl Fd Hb or the pVT-Bac/PACl k 
plasmid and 0.5 ug of linearized AcRP23 LacZ Baculovirus DNA or 
BaculoGold Baculovirus DNA (Pharmingen^ San Diego, CA), according 
to the manufacturer's protocols. Single clones were isolated by plaque 
assay, Recombination was verified by PCR, and recombinant viruses 
were amplified and titered by repeat plaque assay (38). 

Expression, Purification, and Analysis of Recombinant PACl Fab — 
Small-scale suspension or monolayer cultures of 10-50 ml of Sf9 cells in 
SS900 II serum-free medium were infected with recombinant baculovi- 
ruses at a multiplicity of infection of 3. At 24?h intervals up to 96 h, cell 
aliquots were pelleted, resuspended, and sonicated in buffer containing 
20 mM Hepes, pH 8.0, 2 irm MgCLj, 1 mM EDTA, 0.1 mm phenylmethyl- 
sulfonyl fluoride, and 5 jig/ml leupeptin (39). Sonicates were centrifuged 
at 10,000 x g for 30 min at 4 °C to obtain the soluble, "cytoplasmic" 
fraction for analysis of PAC 1 expression. 

Larger scale production of secreted PACl Fab was accomplished by 
co-infecting a 500-ml suspension culture of Sf9 cells in a spinner flask 
(2 x 10 6 cells/ml) with recombinant PACl Fd^ and PACl k baculovi- 
ruses at a multiplicity, of infection of 3. After 72 h, the cell culture 
supernatant was collected, supplemented with 0.1 mM phenylmethyl- 
sulfonyl fluoride and 5 ug/ml aprotinin and leupeptin, and then dialyzed 
extensively at 4 °C against phosphate-buffered saline, pH 7.4. This 
dialysis step was necessary to remove substances from the serum-free 
media that prevented retention of PACl Fab on the metal chelate af- 
finity column. The dialyzed supernatant was incubated with gentle 
rocking overnight at 4°C with 2 ml of Ni-NTA resin (Quiagen, Inc., 
Chatsworth, CA). The mixture was then poured into a 10 x 1.5-cm 
column, washed with 100 ml of phosphate-buffered saline to remove 
unbound proteins, washed again with 100 ml of 10 mM imidazole 
(Sigma) to remove nonspecifically bound proteins, and then eluted with 
250 mM imidazole to specifically elute PACl Fab. Orte-half-ml aliquots 
were monitored for protein at and aliquots containing detectable 
protein were pooled for further analysis. Protein concentration was 
determined by the BCA method (Pierce, Rockford, ID. 

Protein samples were analyzed by 10% SDS-polyacrylamide gel elec- 
trophoresis (40). Gels were either stained for protein with Coomassie 
Brilliant Blue or transferred to nitrocellulose for immunoblotting (14, 
41). Blotting reactions were carried out with Cg2-236 hybridoma tissue 
culture supernatant (containing a monoclonal antibody specific for 
mouse yfiRl (42); a gift from Fred Karush University of Pennsylvania) 
and/or with an aflinity-purified rabbit polyclonal antibody against 
mouse Ig (H+L) (Zymed Laboratories, S. San Francisco, CA). Binding of 
each of these antibodies was detected with an appropriate second an- 
tibody coupled to horseradish peroxidase using enhanced chemilumi- 
nescence (Amersham Corp.). The apparent size of PACl Fab in aqueous 
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solution was estimated by size exclusion chromatography on a Seph- 
adex G-200 column using the following proteins as standards: hen egg 
lysozyme (14.4 kDa), bovine serum albumin {66.2 kDa), and an unre- 
lated monoclonal IgG antibody (PAC4, 150 kDa). 

Flow Cytometric Ana lysis-- Binding of recombinant PACl Fab to 
fresh gel-filtered human platelets was analyzed by flow cytometry as 
described (43). The final incubation butter contained 137 mM NaCl, 2.7 
him KC1, 1 mM MgCl 2 , 0.1 mM CaCl^ 5.6 nut glucose, 1 mg/ml bovine 
serum albumin, 3.3 mM NaiyP0 4 , and 20 m.M HEPES, pH 7.4 (11). 
Reactions were started by adding PACl Fab and various agonists and/or 
inhibitors to 50 ul of 5 x 10* platelets. The agonists included phorbol 
myristate acetate, L-epinephrine, ADP (all from Sigma), or bovine 
thrombin (Calbiochem). Potential inhibitors included prostaglandin 
(Sigma), 'EDTA, fibrinogen, or peptides such as RGDS, RGES, or fibrino- 
gen -y*r~ui (Peninsula Laboratories, Inc., Belmont, CA) (14). After a 
15-min incubation at room temperature, fluorescein isothiocyanate 
(FJTCMabeled rabbit anti-mouse Ig (Zymed: 143 ug/ml) was added for 
an additional 15 min, and the samples were analyzed in a Becton- 
Dickinson FACStar flow cytometer. The FITC-labeled second antibody 
was not limiting under these conditions. Background fluorescence due 
to the second antibody was typically <10% of total fluorescence and was 
subtracted from total fluorescence to obtain the value for fluorescence 
due to PACl Fab binding. In some experiments, PACl Fab binding to 
platelets was also studied by an enzyme-linked immunosorbent assay in 
which preactivated platelets were immobilized in microtiter wells be- 
fore incubation with antibody (11). 

PACl Fab binding to CHO cells containing recombinant a {Ib 0 3 or to 
low passage endothelial cells containing a v 0 3 was studied by flow cy- 
tometry as described, using the FITC-labeled rabbit anti-mouse Ig as 
the second antibody (32, 44). Binding studies were carried out with cells 
resuspended in platelet incubation buffer. In some cases with endothe- 
lial cells, attempts were made to "activate* aJJ$ with either 0.2 um 
phorbol myristate acetate or with an anti-0 g antibody (anti-LIBS6 Fab) 
known to induce PACl binding to ct lv fi z (9). Anti-LIBS6 Fab was pro- 
vided by Mark Ginsberg (Scripps Research Institute, La Jolla, CA). 
Binding of the following other monoclonal antibodies to endothelial cells 
was also studied: A2A9, specific for a nfc £ 3 (14); SSA6, specific for |3 a (14); 
and LM609, specific for (45) (the latter was from David Cheresh, 
Scripps). The binding of PACl IgM to CHO and endothelial cells was 
measured using FITC-PACl IgM (43). 

Assay for Measurement of PACl Fab Binding to an Activated Form of 
Purified ctjfyfis— Activated a IIb 0 3 was purified from a Triton X- 100 plate- 
let lysate by RGD-affinity chromatography and immobilized in plastic 
microtiter wells as described (46). After blocking the wells with bovine 
serum albumin and washing, PACl Fab was added for 4 h at room 
temperature in the presence of 1 mM CaCl 2 , 1 mM MgCl 2 , 150 mM NaCl, 
and 20 mM Tris-HCl, pH 7.4. After three washes, Fab binding was 
detected by enzyme-linked immunosorbent assay using a biotinlyated 
anti-mouse Ig. 

Integrm-mediated tyrosine Phosphorylation — Platelet tyrosine phos- 
phorylation induced by ligand binding to a JR> 0 3 was studied by incubat- 
ing gel-filtered platelets with fibrinogen (760 nM), PACl IgM (50 um), or 
PACl Fab (1000 nM) for 10 min at 37 °C in the presence or absence of 
anti-LIBS6 Fab (3 um) (9). Platelets were then lysed in RIPA buffer, 
lysates were immunopreci pita ted with a polyclonal anti-phosphoty- 
rosine antibody (UP28), and immunoprecipitafces were analyzed by im- 
munoblotting for phosphotyrosine-contaimng proteins using mono- 
clonal anti-phosphotyrosine antibodies (9). 

RESULTS 

Baculovirus-infected Insect Cells Express and Secrete Anti- 
body PACl Fab — In the present studies, we attempted to clone 
and express a monovalent Pab fragment of PACl in the bacu- 
lovirus system in order to determine the contributions of anti- 
body size, valency, and sequence to the unique integrin -binding 
properties of this antibody. When Sf9 cells were infected with a 
recombinant virus containing DNA encoding either the PACl 
7iPd HIa heavy chain or the PACl k light chain, expression of 
PACl protein within the insect cell cytoplasm could be detected 
by immunoblotting with antibodies reactive with murine y,Fd 
and k, respectively. However, the individually expressed heavy 
and light chains were not secreted by the cells (not shown). In 
contrast, when insect cells were co-infected with both the PACl 
v x Fd Hi9 and k baculoviruses, a single immunoreactive band was 
now detectable at 50 kDa on nonreduced immunoblots from the 
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Flo, 2. Expression of PACl Fab in the cytoplasm and cell cul- 
ture supernatant of SO cells. Recombinant baculoviruses containing 
PACl 7!Fd Hh or PACl k were used to co-infect SB cells for 72 h. Cells 
infected with the wild-type baculovirus, AcRP23 LacZ, served as a nega- 
tive control. Sf9 cell cytoplasm and cell culture supernatant were ob- 
tained as described under "Materials and Methods'* and 3 ug of each 
were applied to lanes of reduced (R) or nonreduced (ATJ?) 10% SDS- 
polyacrylamide gels. Proteins were transferred to nitrocellulose and 
immunoblotting was carried out using a mixture of two antibodies, one 
of which (Cg2-236) reacts with PACl -^Fd and the other (rabbit anti- 
mouse Ig) with PACl k.. Preliminary studies using each detecting anti- 
body alone demonstrated that the upper band at 29 kDa in lane 2 of the 
reduced gel represents PACl ^Fd, while the lower band at 25 kDa is 
PACl k. 

SfB cell cytoplasm and the cell culture supernatant (Fig. 2). 
Reduction of the 50-kDa band by treatment with dithiothreitol 
generated two bands, one at 29 kDa representing the yxFd His 
chain and another at 25 kDa representing the k chain (Fig. 2). 
Secretion of Fab from these cells was maximal at 72 h. 

A Goomassie-stained SDS gel of proteins present in the cul- 
ture supernatant of co-infected cells showed several bands, in- 
cluding a major band representing a secreted insect cell pro- 
tein at approximately 60 kDa and a relatively minor band at 
50 kDa (Fig. 3» lane 1 ). When the supernatant was passed 
over a Ni-NTA column, the band at 50 kDa was retained on 
the column and not detected in the flow-through (Fig. 34, lane 
2). However, this band represented >90% of the protein that 
eluted specifically from the column in the presence of 250 mM 
imidazole (Fig. 3A, lane 4). After reduction of the el uate with 
dithiothreitol, two equally prominent Coomassie-stained 
bands were apparent at 29 and 25 kDa (Fig. 3A, lane 8). Since 
the reduced PACl 7jFd Hi8 and k chains exhibited distinct mo- 
bilities, the presence of a single immunoreactive band at 50 
kDa under nonreducing conditions suggests that the insect 
cells were secreting 7iFd HU -K heterodimers rather than ho- 
modimers. Each 500 ml of cell culture supernatant yielded 
5-10 mg of purified PACl Fab. The relative migration of PACl 
Fab on a Sephadex G-200 column indicated that it was mono- 
melic and, therefore, monovalent in aqueous solution. Collec- 
tively, these experiments show that baculovirus-infected in- 
sect cells can secrete substantial amounts of monovalent 
PACl Fab, which can be purified in a single step by immobi- 
lized metal chelate affinity chromatography, 

PACl Fab Is Specific for Integrin a lih & 3 on Activated 
Platelets— The binding of purified PACl Fab to platelets was 
analyzed by flow cytometry using a FITC-labeled polyclonal 
antibody specific for mouse Ig. No binding of PACl Fab was 
observed when resting platelets were incubated with as much 
as 1200 nw Fab for 30 min at room temperature. In contrast, 
PACl Fab appeared to bind saturably to platelets activated 
with 0.2 mM phorbol myristate acetate. Binding was half-maxi- 
mal at approximately 300 nM Fab and maximal at 600 mi (Fig. 
4). Similar results were obtained at 37 °C. The 300 nM value for 
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Fig. 3. Purification of PACl Fab secreted from SB ceUs. Sf9 
cells were co-infected for 72 h with recombinant viruses containing 
PACl 7,Fd and PACl k. Five-hundred ml of the cell culture supernatant 
was then dialyzed against phosphate-buffered saline and PACl Fab was 
purified by metal chelate affinity chromatography. Samples from vari- 
ous stages of the purification process were run on nonreduced and 
reduced 10% SDS-polyacrylamide gels, which were stained for protein 
with Coomassie Brilliant Blue. Lanes 1 and 5 represent the dialyzed cell 
culture supernatant; lanes 2 and 6, the flow-through from the Ni-NTA 
column; lanes 3 and 7, samples obtained after extensive washing of the 
column with 10 mM imidazole; and lanes 4 and 5, proteins eluted spe- 
cifically from the column with 250 mM imidazole. All lanes except 3 and 
7 were loaded with 15 ug of protein; lanes 3 and 7 were loaded with 75 
ul of the wash buffer. 



half-maximal binding of PACl Fab is 60-fold higher than the 
apparent K d for PACl IgM binding to activated platelets (11). 
Numerous attempts to label PACl Fab with FITC, biotin, or l2J5 I 
(lactoperoxidase or Bolton- Hunter reagent) resulted in a loss of 
functional activity, precluding determination of binding con- 
stants using directly labeled Fab. 

Binding of fibrinogen or PACl IgM to platelets is stimulated 
by physiological agonists, dependent on divalent cations, and 
inhibited by specific peptides derived from fibrinogen (e.g. 
RODS or y 397 _4 U ) (13, 47-49). This same pattern of binding was 
also observed in the case of PACl Fab. Fab binding to platelets 
was stimulated by agonists such as epinephrine, ADP, or 
thrombin, with half-maximal binding observed at approxi- 
mately 0.5 um epinephrine or ADP or 0.01 unit/ml thrombin. 
Binding of 600 rm PACl Fab to activated platelets was inhib- 
ited >85% by 10 iiiM EDTA, 1 mM RGDS, or 1 mM 7 397 ^ n , but not 
at all by 1 mM RGES. In addition, PACl Fab binding was 
inhibited >85% by a 20-fold molar excess of fibrinogen but not 
by bovine serum albumin. Conversely, PACl Fab inhibited fi- 
brinogen binding to activated platelets in a dose-dependent 
manner (not shown). For example, 1200 nM PACl Fab inhibited 
the binding of 240 nM fibrinogen by 50%. This concentration of 
PACl Fab is approximately 60-fold higher than the IC^ for 
PACl IgM inhibition of fibrinogen binding studied under simi- 
lar conditions (12). 

Like a„ b p 3 , the vitronectin receptor (aj3 3 ) can bind fibrino- 
gen, vitronectin, and von Willebrand factor (50). Since the num- 
ber of vitronectin receptors on platelets (about 250/cell) is much 
smaller than the number of a irb 0 3 complexes (about 80,000/cell) 
(51, 52), platelets cannot be used to determine whether PACl 
can bind to a^g. Therefore, PACl binding to human umbilical 
vein endothelial cells, which express o v /3 3 but not ot llb fi z , was 
studied by flow cytometry. Surface expression of a v 0 3 was veri- 
fied by binding of antibodies LM609, which is specific for the 
or v 0 3 complex (45) and SSA6, specific for 0 3 (14) (Fig. 5). No 
specific binding of PACl IgM (40 nM) or PAC 1 Fab (600 nM) was 
detected, either before or after short-term stimulation of the 
cells with 0.2 um phorbol myristate acetate. Moreover, no FITC- 



PAC1 IgM binding was observed in the presence anti-LIBS6 
Fab, an anti-£ 3 monoclonal antibody that stimulates PACl and 
fibrinogen binding to a Jlb /3 3 (9) (Fig. 5). Thus, at antibody con- 
centrations where saturable binding to cr IIb 0 3 is observed, PACl 
does not bind to a„|3 3 . 

Binding of PACl Fab to Activated <x lth p 3 Does Not Require the 
Platelet Membrane Microenvironment—The microenvironment 
of the platelet membrane may play a role in regulating the 
access of certain antibodies and adhesive ligands to their bind- 
ing sites on a nb 0 3 (53). To examine this possibility for PACl 
Fab, activated a nb |3 3 was extracted from platelets, purified on 
an RGD column, and immobilized onto plastic (54). PACl Fab 
bound to this activated form of a nb 0 3 in a dose-dependent and 
RGDS-inhibitable manner (Fig. 6). 

To determine whether PACl Fab could bind to the activated 
form of a, lb /3 3 in the context of a cell other than the platelet, 
antibody binding to CHO cells expressing either a resting or 
activated form of recombinant human a nb 0 3 was examined by 
flow cytometry. Surface expression of a in J3 3 by transfected CHO 
cells was confirmed using an activation-independent an ti-fti^ 
antibody (A2A9). The A5 CHO cell line expresses wild-type c* IIb /3 3 
in a resting conformation and fails to bind fibrinogen (32, 44). 
These cells also failed to bind PACl Fab or, PACl IgM (Fig. 7). 
In contrast, the a L A CHO cell line expresses a chimeric form of 
«uA tnat * s cohstitutively "activated" arid capable of binding 
fibrinogen (33). These cells bound both PACl Fab and PACl IgM 
in an RGDS-inhibitable manner (Fig. 7). Thus, whether oc IIb 0 3 is 
studied in its natural platelet membrane environment, in its 
purified form, or in a heterologous expression system, PACl Fab 
is specific for an activated conformation of the receptor. 

PACl Fab Binding to Activated a IIb 0 3 Is Dependent on the 
Structure of H-CDR3— Previous competition studies using syn- 
thetic peptides have suggested that an RYD sequence within 
the H-CDR3 of PACl (Arg l00A -Tyr l00B -Asp ,O0C ) is essential for 
antibody binding to platelets, possibly analogous to the RGD 
integrin recognition sequences in fibrinogen and von Will- 
ebrand factor (16). lb test this hypothesis directly, Asp l00C in 
PACl Fab was mutated to Glu. An analogous substitution 
within the RGD tract of von Willebrand factor or vitronectin 
results in loss of ligand binding to a, lb /3 3 on activated platelets 
(55, 56). The "RYE" PACl Fab mutant failed to bind to acti- 
vated platelets at antibody concentrations up to 1200 um, the 
highest concentration tested by flow cytometry (Fig. 8). Similar 
results were obtained at PACl Fab concentrations up to 3200 
nM when antibody binding to phorbol ester-stimulated platelets 
was studied by enzyme-linked immunosorbent assay (not 
shown). Immunoblotting experiments showed that the anti- 
mouse Ig used to detect Fab binding to platelets bound just as 
well to the RYE mutant as to wild-type PACl Fab, and that the 
mobility of the mutant on SDS gels was identical to that of the 
wild-type protein (not shown). Thus, a single conservative sub- 
stitution within the RYD tract of PAC l exerts a major effect on 
the ability of the antibody to recognize its integrin target 

Soluble PACl IgM but Not PACl Fab Stimulates Tyrosine 
Phosphorylation in Platelets— Fibrinogen binding to unstirred 
platelets stimulates tyrosine phosphorylation of proteins of 
50-68 and 140 kDa. This reaction may require oligbmerization 
of % b 3 3 complexes by the dimeric fibrinogen molecule (9). Since 
PACl IgM is multivalent and PACl Fab monovalent, we asked 
if binding of either of these ligands to platelets would trigger 
tyrosine phosphorylation. Fibrinogen or PACl binding was in- 
duced by the anti-0 3 antibody, anti-LIBS6, and tyrosine phos- 
phorylation of the 140-kDa substrate was detected by probing 
platelet immunoblots with antiphosphotyrosine antibodies (9). 
As expected from previous studies, binding of 750 nM fibrinogen 
caused prominent tyrosine phosphorylation of the 140-kDa pro- 
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Fm. 4. Binding of recombinant PACl Fab to gel-filtered platelets. Gel-filtered platelets were incubated at room temperature with the 
indicated concentrations of PACl Fab in the presence of either 0.2 um phorbol myristate acetate (PMA) to maximally stimulate the platelets or 0.1 
um prostaglandin to maintain the platelets in a resting state. After 15 min, a FITC-labeled second antibody reactive with PACl Fab was added and 
the samples incubated an additional 15 min in the dark. Then the amount of PACl Fab bound to the platelets was determined by flow cytometry 
as described under "Materials and Methods." PACl binding is expressed as mean fluorescence intensity in arbitrary fluorescence units. 

tein (Fig. 9, lane 3). Phosphorylation of this protein on tyrosine 
was also observed in response to a saturating concentration of 
PACl IgM (50 nM) (Fig. 9, lane 5). The extent of phosphoryla- 
tion was much less than that observed with fibrinogen, but it 
was consistently observed in each of four experiments. In con- 
trast, no tyrosine phosphorylation was observed in response to 
1000 nM PACl Fab (Fig. 9, lane 7). This concentration of PACl 
Fab was sufficient to inhibit the phosphorylation signal in- 
duced by PACl IgM, indicating that it was binding to a 1Ib /3 3 
under these conditions (not shown). Thus, PACl Fab may be 
unable to induce platelet tyrosine phosphorylation because it is 
monovalent. 

DISCUSSION 

Interest in the IgM monoclonal antibody, PACl, stems from 
its ability to mimic many of the binding properties of a physi- 
ological ligand, fibrinogen, for the platelet integrin a Ub 0 3 (11, 
13, 14, 16). The present studies were conducted to begin to 
formally identify the structural features of PACl that are re- 
sponsible for its unique platelet binding characteristics. Since 
PACl is a large IgM pentamer of approximately 1000 kDa (11), 
we wanted to establish the relative importance of antibody size, 
valency, and amino acid sequence as determinants of PACl 
specificity for the activated form of a nb /3 3 . lb this end, a recom- 
binant form of PACl Fab was cloned and expressed in a bacu- 
lovirus system and its function was assayed in several different 
experimental contexts. The results of these studies establish 
that: 1) the baculovirus system is capable of producing rela- 
tively large amounts of monovalent, functional Fab fragments. 
2) The size and/or multi valency of PACl IgM plays a role in 
determining antibody affinity but not antibody specificity. 3) 
The RYD sequence within H-CDR3 is essential for antibody 
recognition of a Ilb 0 3 . 4) PACl is selective for a nb /3 3 since it does 
not recognize the closely related integrin, aJSg, on endothelial 
cells at antibody concentrations that permit maximal binding 
to a nb p 3 . 5) Binding of multivalent PACl IgM to a nb ^ 3 stimu- 
lates tyrosine phosphorylation in platelets, but binding of 
monovalent PACl Fab does not. 

Neither the IgM nor the Fab form of PACl bound to unstimu- 
lated platelets, whereas both forms appeared to bind saturably 




Fig. 5. PACl Fab and PACl IgM do not bind to on human 
umbilical vein endothelial cells. Confluent endothelial cells were 
detached from the culture dish by incubation with 0.01% trypsin, 0.5 
mM EDTA for 3 min, washed once in complete media, and then resus- 
pendend to 2 x 10 s cells/ml in platelet incubation buffer. Twenty-ul 
aliquots were added to tubes containing the indicated antibodies, ago- 
nists, or EDTA in a final volume of 50 ul. After a 30-min incubation, 143 
ug/ml FITC-labeled rabbit anti-mouse Ig (F-2° Ab) was added to all 
tubes except those containing FITC-PAC1 IgM (F-PAC1 ). After an ad- 
ditional 15 min, samples were diluted and 10,000 cells in each tube were 
analyzed by flow cytometry. The concentrations of primary antibodies 
were as follows: PACl Fab, 600 nM; anti-a^, LM609, 1:100 dilution of 
ascites; anti-/3 3 , SSA6, 66 nM; FITC-PACl IgM, 40 nM. In certain tubes, 
either PMA (0.2 um) or anti-LIBS6 Fab (3 um) was used in an attempt to 
activate cr Y £ 3 . EDTA at 5 mM was present in some tubes to prevent 
specific PACl binding. Data represent the means ± S.D. of triplicate 
determinations from a single experiment representative of two so per- 
formed. 
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Fig. 6. Binding of PACl Fab to purified, activated a^Py PACl 
Fab was incubated in the presence or absence of 1 mM RGDS for 4 h in 
microtiter wells coated with an activated form of purified cr IIb 0 3 . After 
washing, PACl Fab binding was detected by enzyme-linked immu- 
nosorbent assay. 

to agonist-stimulated platelets (Fig. 4) (11). Like the binding of 
fibrinogen and von Willebrand factor, binding of PACl Fab was 
inhibited by divalent cation chelation with EDTAand by excess 
fibrinogen or RGDS, but not by the control peptide, RGES. 
Recently, small amounts of fibrinogen and von Willebrand fac- 
tor have been expressed in mammalian cell expression sys- 
tems, and mutational analyses of these proteins have begun to 
examine the role of the RGD sequences in binding to a^fa (55, 
57). Given the similarities in the binding characteristics of 
PACl and these natural ligands, and the crystallographic data 
base that already exists for antibodies, further structural anal- 
ysis of PACl Fab may provide information relevant to the in- 
teraction of the larger adhesive proteins with a^fa. 

Experimental evidence suggests that platelet activation 
causes changes in a nb j3 3 that permit access of PACl and several 
RGD-containing adhesive proteins to the receptor (11, 58). The 
precise nature and magnitude of the structural changes that 
a inA must undergo is unknown. However, ligarid size may 
represent one determinant of the final interaction. In support 
of this concept, synthetic RGD peptides or peptidomimetics (^2 
kDa) bind to a lJh ^ 3 whether or not platelet activation has taken 
place (59). The same appears to hold true for larger RGD- 
containing peptides of 5-10 kDa derived from certain snake 
venoms or leeches, although in many of these cases platelet 
activation can increase apparent binding affinity by up to 10- 
fold (60, 61). Moreover, Coller (62) has shown that the rate of 
binding of antibody 7E3 to ct IIb |3 3 was influenced by the size of 
the antibody as it was varied from a 50-kDa Fab fragment to a 
600-kDa cross-linked tetramer. However, unlike PACl, even 
the large 600-kDa tetramer of 7E3 bound to resting platelets 
(62). The epitope for 7E3 is clearly distinct from that of PACl 
because 7E3 binding is neither divalent cation-dependent nor 
inhibited by fibrinogen-derived peptides. Therefore, the impor- 
tance of the size of fibrinogen or PACl for their selective bind- 
ing to activated a^fa has remained an open question. 

The present studies demonstrate that measurable binding of 
PACl to platelets is dependent on the state of a IIb 0 3 activation, 
regardless of whether the antibody is a monovalent 50-kDa Fab 
fragment or a 1000-kDa IgM pentamer. In fact, the microenvi- 
ronment of the platelet membrane was not even necessary for 
this binding to activated a IIb /3 3 since PACl Fab also bound 
selectively to an activated form of the receptor expressed in 
CHO cells (Fig. 7). Thus, the specificity of PACl for an active 
conformation of a^fa must be defined by structural features 
intrinsic to the receptor and to the antibody-combining site of 



PACl. In the case of antibody-protein complexes that have been 
resolved crystallographically, the surface area of the antibody- 
combining site has ranged between 700 and 900 A 2 (63, 64). The 
putative ligand-binding pocket of a IIb |3 3 appears to reside in the 
amino-terminal globular head of the integrin (58). Rotary-shad- 
owed electron micrographs of a in ,/3 3 indicate that this globular 
head is 80 x 120 A, potentially encompassing a surface area 
much larger than the antibody-combining site of PACl (65, 66). 
At this same level of resolution, the shape of the globular head 
of a Ub /3 3 is not grossly modified by fibrinogen binding (66, 67). 
Thus, the intrinsic changes in the receptor that regulate ligand 
binding are likely to be relatively subtle. 

The multimeric or multivalent structure of PACl did not 
affect antibody specificity, but it did influence two other fea- 
tures of the interaction of the antibody with a IIb )3 3 , namely the 
apparent affinity of the reaction and the ability of the antibody 
to induce outside-in signaling across the receptor. A rough es- 
timate of the differences in apparent affinity between PACl 
Fab and PACl IgM can be obtained by comparing the dose- 
dependence of their binding to activated platelets as well as 
their relative potencies in inhibiting fibrinogen binding to 
platelets. Half-maximal binding of PACl Fab to activated 
platelets was observed at approximately 300 nM (Fig. 4), a 
value 60-fold higher than the apparent K d for PACl binding 
(11). Similarly, PACl Fab was approximately 60-fold less potent 
than PACl IgM in causing half-maximal inhibition of fibrino- 
gen binding to platelets. These differences may relate to the 
differences in valency between the two forms of the antibody. 

Binding of the dimeric fibrinogen molecule to platelets 
stimulates tyrosine phosphorylation of protein substrates of 
50-68 and 140 kDa, while binding of monomelic plasmin-de- 
rived fragments of fibrinogen does not (9). Similarly, binding of 
PACl IgM to platelets consistently induced a weak tyrosine 
phosphorylation response, but PACl Fab did not (Fig. 9). In 
contrast to these results with the soluble Fab, tyrosine phos- 
phorylation is observed when platelets become adherent to 
PACl Fab that is immobilized on a plastic surface. 2 The pattern 
of tyrosine phosphorylation is the same as that observed during 
platelet adhesion to fibrinogen (10). Taken together, these ob- 
servations suggest that cross-linking of a IIb p 3 complexes within 
the plane of the plasma membrane may be required for a IIb 0 3 - 
initiated outside-in signaling in platelets. The much stronger 
tyrosine phosphorylation response to fibrinogen than to PACl 
IgM in Fig. 9 may be due to a more favorable geometry in the 
case of the natural ligand for cross-linking adjacent receptors. 
Alternatively, it may be due to fundamental differences be- 
tween the physiological ligand and the antibody with respect to 
their interactions with the receptor. 

A single point mutation in the H-CDR3 of PACl in which 
Asp l00C was converted to Glu resulted in a loss of antibody 
binding to a^g, at least at antibody concentrations up to 3200 
nM. This mutation converts the core RYD sequence in PACl to 
RYE, strongly suggesting that the RYD tract within this par- 
ticular CDR is an essential component of the antibody-combin- 
ing site of PACl. These results are consistent with molecular 
modeling studies which predicted that the RYD backbone of 
PACl is oriented at the apex of a 0-loop formed by this CDR 
(17). This would be similar to the backbone orientation of sev- 
eral bioactive RGD peptides and disintegrins that have been 
subjected to high resolution structural analyses (19-21). In 
particular, the relative spatial orientation of the Arg-NH$ and 
Asp-C0 2 " groups in the RGD region of bioactive peptides ap- 
pears essential for integrin recognition (20). The same may 
hold true for the Arg and Asp in the RYD tract of PACl, ex- 



2 S. J. Shattil, M. Cunningham, J. Deng, and C. Abrams, unpublished 
observations. 



A Recombinant Fab Specific for Activated Integrin a m ji 3 



18787 




No "Resting" "Active 1 ' 
<*HbP3 «HbP3 «flbP3 



No -Resting" -Active" 
«Hb&3 «llb(>3 <*Hb$3 



Cell tine: CHO 



A5 



CHO 



AS 



Fig. 7. PACl IgM and PAC1 Fab bind specifically to an activated form of recombinant a nh p s expressed in CHO cells. Mock- 
transfected CHO cells, A5 cells expressing the wild-type, "resting" form of cttfcfti, expressing an activated form were suspended 

to 4 x 10* cells/ml in platelet incubation buffer PACl IgM (7 mt) or PACl Fab (428 nM) was added for 30 min. Then FIlKMabeled rabbit anti-mouse 
Ig (143 ug/ml) was added for 15 min and PACl binding was quanfcitated by flow cytometry. Specific PACl binding is expressed in arbitrary 
fluorescence units as "RGDS-inhibi table" binding. This was defined as binding that was inhibited by 1 mM RGDS, and it represented >90<& of total 
binding. Data represent means ± S D. of triplicate determinations of a single experiment representative of two so performed. 
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Fig. 8. The RYE mutant of PACl Fab fails to bind to activated 
platelets. Wild-type PACl Fab contains an Arg-Tyr-Asp (RYD) se- 
quence at residues 100A-C of the CDR3 heavy chain. The RYE mutant 
contains a Glu at residue 100C instead of Asp. 1200 nM RYE PACl Fab 
mutant (pane* A) or wild-type PACl Fab (panel B) were incubated for 
15 min with either resting platelets (PGI 2 , 0.1 um), platelets stimulated 
with 0.2 um PMA, or PMA-stimulated platelets in the presence of 5 mM 
EDTA. After addition of FITC-labeled anti-mouse Ig, PACl Fab binding 
was determined by flow cytometry. In these histograms, PACl Fab 
binding is expressed in arbitrary fluorescence units on a log scale. This 
experiment is representative of three so performed. PGI 2 , prostaglandin 

plaining the inability of the RYE mutant to recognize a IIb 0 3 . 

Recently, filamentous phage have been engineered to express 
an anti-HIV antibody in which the RGD sequence was inserted 
into the H-CDR3 region (68). These phage bound equally well to 
a Ub £ 3 and aJ3 3 . In contrast, we found that PACl failed to bind 
to a v #3 on human umbilical vein endothelial cells at antibody 
concentrations that appeared to be saturable with respect to 
a llb 0g (Fig. 5). Since it is not known whether the affinity of og3 3 



Fig. 9. Effect of PACl binding on platelet tyrosine phosho- 
rylation. Platelets were incubated for 10 min with 760 rm fibrinogen, 
50 riM PACi IgM, or 1000 nM PACl Fab. In some tubes, the anti-0 a 
antibody Fab, anti-LIBS6 (3 pm), was present to promote binding of 
each of these ligands to Platelets were then processed as de- 

scribed under "Materials and Methods" to assess tyrosine phosphoryl- 
ation of a 140-kJDa platelet protein (arrow), which was previously shown 
to become phosphorylated in response to fibrinogen binding (9). Lane 1 
is a negative control and represents unstimulated platelets in the ab- 
sence of added fibrinogen. Not shown is the fact that anti~LIBS6 in the 
absence of fibrinogen also failed to stimulate tyrosine phosphorylation. 
Lanes 3 and S are positive controls showing the effect of fibrinogen 
binding in response to either anti-LIBS6 (lane 3) or 0.5 unit/ml throm- 
bin (lane $). Note the positive but weak response to PACl IgM binding 
(lane 5) and the lack of a response to PACl Fab {lane 7). 

is modulated by inside-out signaling in these cells, attempts 
were made to activate either the cells with phorbol myristate 
acetate or the receptor directly with an anti-0 8 antibody (anti- 
LIBS6). Neither of these reagents stimulated PACl binding. 
The exact degree of selectivity of PACl for a nb 0 3 over will 
require additional study. However, such selectivity may relate 
to the core RYD sequence, to specific H-CDR3 residues that 
flank RYD, and/or to other CDRs that contribute to the anti- 
body-combining site. Of interest in this regard, the disintegrin, 
barbourin, contains a lysine instead of an arginine in a core 
KGD sequence, and this confers a IIb £ 3 selectivity to the mol- 
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ecule (23, 25). It can be anticipated that genetically engineered 
antibodies, including PAC1, will be useful in identifying some 
of the factors responsible for the affinity and specificity of RGD- 
containing ligands for integrin adhesion receptors (69). 
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